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ABSTRACT
In this thesis the effects of tocopherols and ascorbic acid on the formation and
decomposition of methyl linoleate hydroperoxides (ML-OOH) were evaluated. The results
contribute to the understanding of the antioxidant action of tocopherols and ascorbic acid
during lipid oxidation reaction sequences.
α- and γ-Tocopherols at 10-1000 ppm levels efficiently inhibited the formation of
ML-OOH during the autoxidation of methyl linoleate at 40°C. In addition, α-, γ- and δ-
tocopherols (0.2, 2 and 20 mM levels) inhibited the decomposition of ML-OOH in
hexadecane. The more detailed analysis of the isomeric distribution of ML-OOH as well
as the decomposition products of ML-OOH by HPLC provided information of the
mechanisms of action of tocopherols on lipid hydroperoxides. The results suggest that all
tocopherols act as hydrogen atom donors to both peroxyl and alkoxyl radicals.
α-Tocopherol directed the isomeric distribution of ML-OOH to the cis,trans configuration
during the formation and decomposition of ML-OOH. α-Tocopherol inhibited the
isomerization reaction by acting as a fast hydrogen atom donor to peroxyl radicals. In the
presence of γ- and δ-tocopherols more trans,trans hydroperoxides were formed. The
biologically active hydroperoxides, such as those formed in enzymatically catalyzed
reactions, have the cis,trans configuration. Thus, it is assumed that this ability of
α-tocopherol to stabilize hydroperoxides to the cis,trans configuration might be one of the
factors which explains its importance as an antioxidant in biological systems.
During the formation of ML-OOH, α-tocopherol showed some loss of efficiency with
increasing concentrations but it still strongly inhibited the formation of hydroperoxides
when compared to the control sample. Similarly, all tocopherols at higher concentrations
experienced a loss of efficiency during the decomposition of ML-OOH. The loss of
efficiency was highest for α-tocopherol but was also evident for γ- and δ-tocopherols. The
differences in the relative effects of tocopherols at differing concentrations seems to result
from a balance between their radical scavenging efficiency and participation in side
reactions of an oxidizing nature.
All effects of ascorbic acid and ascorbyl palmitate on ML-OOH were relatively small.
More detailed analysis of the mechanisms of action showed that they were multifunctional
compounds which act as hydrogen atom donors to peroxyl radicals, reducers of
hydroperoxides to more stable hydroxy compounds as well as pro-oxidative compounds
due to the interactions with metal ions.
When α-tocopherol was added to methyl linoleate with appreciable levels of preformed
hydroperoxides, its efficiency to inhibit hydroperoxide formation decreased. This result
suggests that an optimal concentration of α-tocopherol is needed for stabilization of
polyunsaturated fatty acids due to the negative effects from initial and forming
hydroperoxides as well as from the loss of efficiency of α-tocopherol at high
concentrations.
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1. INTRODUCTION
Lipid oxidation, the reaction of oxygen with unsaturated lipids, produces a wide variety of
oxidation products that have attracted considerable research interest. In biological circles,
the term ’lipid peroxidation’ is often used for the same phenomena (Burton and Ingold,
1986). Lipid oxidation reactions proceed through same basic mechanisms of lipid
hydroperoxide formation and decomposition in biological systems and in foods. However,
different characteristics of the systems and the heterogeneity of the reaction conditions
have an effect on the reaction sequences and the oxidation products formed. Therefore,
also the consequences of the oxidation reactions in various systems differ markedly. In
foods, lipid oxidation is a major cause of quality changes, involving flavor, texture, and
appearance. It can affect, to some extent, the nutritive value and safety of foods (Eriksson,
1987; Gordon, 2001). There is also increased evidence that uncontrolled lipid oxidation is
involved in the development of many chronic diseases (Benzie, 1996; Stone and Papas,
1997; Spiteller, 1998; Girotti, 1998; Diblock et al., 1998). These factors emphasize the
importance of understanding the mechanism of lipid oxidation and to identify the factors
which influence the oxidation reaction pathways.
Hydroperoxides were identified as autoxidation products of polyunsaturated fatty acids in
the early work of Farmer and his group and Bolland and Gee. In addition, the generally
accepted free radical mechanism of autoxidation involving an attack of oxygen at the
allylic position with the formation of unsaturated hydroperoxides was developed (see
Farmer, 1945; Bolland and Gee, 1945). Development of analytical techniques made
possible the identification of the exact structures of these hydroperoxides (Chan and
Levett, 1977a; Frankel et al., 1977a; 1977b; Neff et al., 1978). In addition to autoxidation,
hydroperoxides may also be formed through photo-oxidation and enzymatic oxidation (see
the reviews of Chan and Coxon, 1987; Frankel, 1998). Each of these mechanisms produce
a characteristic mixture of hydroperoxide isomers.
Once formed, hydroperoxides are relatively stable at moderate reaction conditions, such as
low temperature and absence of metal ions. Normally such conditions do not exist and
hydroperoxides become susceptible to further free radical chain reactions such as
isomerization and decomposition reactions. Hydroperoxides, however formed, will take
part in these reactions and thus initiate new chain reactions (Chan and Coxon, 1987;
Gardner, 1987). The structures of the decomposition products are already known relatively
well. However, it is not yet well understood how different reaction parameters direct the
oxidation reactions that can proceed by alternative pathways and thus affect the
distribution of oxidation products formed. This knowledge is needed to evaluate the
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significance of lipid oxidation reactions in biological systems and in foods. As an
example, since cis,trans and trans,trans isomers of hydroperoxides have different
biological activities, more attention should be paid to the formation of different
hydroperoxide isomers (Banni et al., 1996).
In antioxidant research the focus is usually on the effects on hydroperoxide formation.
However, antioxidants may also inhibit the decomposition of hydroperoxides by acting as
radical scavengers, metal chelators or reducers of hydroperoxides to more stable hydroxy
compounds. In addition, there is increased evidence that antioxidants have different effects
on hydroperoxide formation and decomposition (Frankel, 1995). Thus, as suggested by
Frankel and Meyer (2000), the targeting of antioxidants to prevent particular free radical
formation steps and oxidative deterioration processes requires a detailed understanding of
the mechanism of oxidation. In this thesis, tocopherols and ascorbic acid, compounds with
different chemical structures and chemical functions were selected for further testing.
They both are natural antioxidants with important roles as inhibitors of oxidation in
biological systems and in foods.
The literature part of this thesis describes the chemistry of lipid hydroperoxides in relation
to their formation, isomerization and decomposition. In addition, the literature concerning
the effects of tocopherols and ascorbic acid on lipid hydroperoxides is reviewed. The
experimental part consists of a summary of studies aiming at clarifying the effects of
tocopherols and ascorbic acid on the formation and decomposition of lipid hydroperoxides
using methyl linoleate hydroperoxides (ML-OOH) as model compounds. The last part
consists of five original papers where the results of this thesis were published.
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2. REVIEW OF THE LITERATURE
2.1. Formation of fatty acid hydroperoxides
Lipid hydroperoxides are the primary products of lipid oxidation. The term lipid
hydroperoxides is sometimes shortened to lipid peroxides although the latter term includes
also cyclic peroxides (Halliwell and Gutteridge, 1999, p. 294). The hydroperoxide group
may be attached to various lipid structures, e.g. free fatty acids, triacylglycerols,
phospholipids and sterols.
Fatty acid hydroperoxides are formed through three different mechanisms, namely
autoxidation, photo-oxidation and enzymatic oxidation (see the reviews of Chan and
Coxon, 1987; Frankel, 1998). Under mild reaction conditions hydroperoxides are formed
through autoxidation reactions. Autoxidation is a free radical chain reaction between
unsaturated lipids and oxygen to form hydroperoxides, which then undergo further
reactions with or without the participation of other compounds (Chan, 1987). Another
important pathway for the formation of hydroperoxides from unsaturated fatty acids is
photosensitized oxidation where hydroperoxides are formed in the presence of oxygen,
light energy and a photosensitizer (Bradley and Min, 1992; Frankel, 1998, p 43). The
presence of enzymes, such as lipoxygenase, enable the controlled synthesize of
hydroperoxides, which are precursors of products with potential biological activity
(Gardner, 1996; Brash, 1999). These different mechanisms may also occur
simultaneously. As an example, vegetable oils may contain natural photosensitizers such
as chlorophylls that yield singlet oxygen in the presence of visible light (Frankel, 1980).
The autoxidation reactions in the oils may be initiated by hydroperoxides produced by
photo-oxidation in the presence of traces of these photosensitizers even after bleaching
(Gunstone, 1984).
Each of these mechanisms produces a characteristic mixture of hydroperoxides. The
development of the analytical techniques during the 1970’s and 1980’s enabled the
identification of the exact structures of these hydroperoxides. In the present review the
formation of oleic, linoleic and linolenic acid hydroperoxides are used as examples of
monoene, diene and polyene fatty acid autoxidation (2.1.1.). Moreover, linoleic acid is
used as a model compound when hydroperoxide formation through photo-oxidation and
enzymatic oxidation is discussed (2.1.2 and 2.1.3).
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2.1.1. Autoxidation
As a free radical chain reaction, autoxidation can be divided into three separate processes:
initiation, propagation and termination. These steps have been reviewed in detail by
several authors (Labuza, 1971; Chan, 1987; Simic et al., 1992; Porter et al., 1995,
Frankel, 1998; Yanishlieva, 2001).
Initiation: RH  R• + H• (1)
Propagation: R• + O2  ROO• (2)
ROO• + RH  ROOH + R• (3)
Termination: ROO• + ROO•  (4)
ROO• + R•  non-radical products (5)
R• + R•  (6)
During the initiation step an alkyl radical (R•) is formed from an unsaturated fatty acid
(RH) (Reaction 1). A satisfactory mechanistic explanation for the initiation step is not
available in the literature. However, several different processes have been suggested as
possible initiators of autoxidation reactions. These processes include thermal or
photochemical homolytic cleavage of a R-H bond, hydrogen atom abstraction from a R-H
by an initiator free radical (Porter et al., 1995) and the reaction of fatty acid with metal
ions producing radicals. According to Labuza (1971), Frankel (1998, p. 20) and Halliwell
and Gutteridge (1999, p. 28), it is possible that all autoxidation reactions are in fact metal
ion-catalyzed. The role of metal ions in the initiation step is especially important in the
systems where small amounts of hydroperoxides are already present.
Once formed, an alkyl radical (R•) reacts very rapidly with oxygen to form a peroxyl
radical (ROO•) (Reaction 2). The second step of propagation, the abstraction of a
hydrogen atom from an allylic or a bis-allylic position of an unsaturated fatty acid (RH) by
peroxyl radical (ROO•) to generate hydroperoxide (ROOH) and another radical (R•), is the
rate determining step (Reaction 3). Propagation steps may be more complicated than the
simple transfer and addition steps (Porter et al., 1995). Peroxyl radicals are involved in
competing reactions, such as β-scission and cyclization by intramolecular rearrangement
(Gardner, 1989). β-Scission of a peroxyl radical leading to isomerization is discussed in
more detail in section 2.2. The formation of cyclic peroxides requires an ’inner’ peroxyl
radical of a polyunsaturated fatty acid with three or more double bonds (Gardner, 1989)
and is explained in more detail using linolenic acid as a model compound. The reactions
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terminate when radicals react with each other, forming more stable products that are not
capable of propagating the chain reactions. Three termination steps are shown (Reactions
4-6), but at normal oxygen partial pressure the first reaction is the only significant
termination reaction.
The susceptibility of different fatty acids to undergo autoxidation is dependent on the
dissociation energies of C-H bonds present in the fatty acid. The presence of a double
bond in the fatty acid weakens the C-H bond on the carbon atom adjacent to the double
bond and makes hydrogen removal easier. Thus, as shown by Cosgrove et al. (1987) and
Wagner et al. (1994), the measured oxidizabilities of the polyunsaturated fatty acids are
dependent on the number of bis-allylic methylenes present in the fatty acid. For
monounsaturates, like oleic acid, oxidizability is much less than for polyunsaturates
because mono-allylic methylene hydrogens are more resistant to abstraction. The bond
dissociation energy of a C-H bond of the bis-allylic methylene is about 75 kcal/mol
whereas that of the mono-allylic methylene is about 88 kcal/mol (Gardner, 1989).
Oleic acid produces a mixture of cis and trans allylic 8-, 9-, 10- and 11-hydroperoxides
during autoxidation (Frankel et al., 1977a; Neff et al., 1978; Haslbeck and Grosch, 1983;
Frankel et al., 1984; Porter et al., 1994). Porter et al. (1994; 1995) presented the formation
mechanism for these hydroperoxides which explains the uneven distribution of
hydroperoxide isomers (Figure 1). The mechanism involves hydrogen atom abstraction at
the 8 and 11 positions of oleic acid to give two allylic radicals. Addition of oxygen to
these allylic radicals gives rise to four peroxyl radicals 11-cis, 9-trans, 8-cis and 10-trans.
These peroxyl radicals may interconvert via an allylperoxyl rearrangement to 11-trans and
8-trans peroxyl radicals. Hydroperoxides result from peroxyl radicals undergoing
hydrogen atom abstraction from oleic acid. The relative distribution of different
hydroperoxide isomers is dependent on the hydrogen donating ability of the medium since
the formation of ’kinetic’ 11-cis, 9-trans, 8-cis and 10-trans hydroperoxides is favored in
the presence of good hydrogen atom donors (Porter et al., 1995).
From linoleic acid, a mixture of four hydroperoxide isomers is formed during the
autoxidation, namely 13-hydroperoxy-cis-9-trans-11-octadecadienoic acid (13-cis,trans),
13-hydroperoxy-trans-9-trans-11-octadecadienoic acid (13-trans,trans), 9-hydroperoxy-
trans-10-cis-12-octadecadienoic acid (9-cis,trans) and 9-hydroperoxy-trans-10-trans-12-
octadecadienoic acid (9-trans,trans) (Chan and Levett, 1977a; Frankel, 1977b; Neff et al.,
1978). A mechanism for the formation of these hydroperoxides is presented in Figure 2
(Porter et al., 1995).
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Figure 1. Formation of oleic acid hydroperoxides (Modified from Porter et al., 1995).
In the first step, hydrogen atom abstraction from a bis-allylic C-11 of linoleic acid leads to
a pentadienyl radical. Bascetta et al. (1982; 1983) confirmed the formation of these
radicals in their electron spin resonance (ESR) spectroscopy study. Subsequent oxygen
addition generates 9- and 13-cis,trans peroxyl radicals, either of which have three possible
options. Hydrogen atom abstraction from a donor such as another linoleic acid generates
9- and 13-cis,trans hydroperoxides which are the kinetic products. The other two options
involve β-scission of the intermediate peroxyl radical. Non-productive β-scission gives the
original pentadienyl radical. Alternatively, if bond rotation precedes β-scission, a new
pentadienyl radical is formed. This radical has trans,trans rather than cis,trans geometry.
Oxygen addition then leads to peroxyl radicals that give 9- and 13-trans,trans
hydroperoxides which are the thermodynamic products. Thus, as with oleic acid, the
product ratios are determined by the competition between hydrogen atom abstraction to
give the cis,trans kinetic products and β-scission to give the trans,trans thermodynamic
products (Porter et al., 1980; 1981; Porter, 1986; Porter et al., 1995). The isomerization
reactions of linoleic acid hydroperoxides are discussed in more detail in section 2.2.
R1 R2
R1 R2
R1 R2
R2R1
.
.
.
R1 R2
.
R1 R2
OO
R2R1
OO
R1 R2
OO
R1 R2
OO .
R1 R2
OO.
R1 R2
OO.
R1 R2
OOH
R2R1
OOH
R1 R2
OOH
R1 R2
OOH
R1 R2
HOO
R1 R2
OOH
11 8
9
11
8
10
O2
O2
O2
O2
.
9
.
11
1 1
8
10
8
RH
RH
RH
RH
RH
RH
9
11
.
1 0
8
8
11
19
Figure 2. Formation of linoleic acid hydroperoxides (Modified from Porter et al., 1995).
In addition to 9- and 13-hydroperoxides, hydroperoxides with peroxide substitution at the
8, 10, 12 and 14 carbons have been found as minor products of linoleic acid autoxidation
(Schieberle and Grosch, 1981a; Haslbeck et al., 1983). The formation of these non-
conjugated hydroperoxides has been explained in terms of hydrogen abstraction from the
mono-allylic carbons of the fatty acid which are more resistant to abstraction than bis-
allylic hydrogens. Brash (2000) reported the formation of a small amount of non-
conjugated 11-hydroperoxides in the presence of α-tocopherol. Oxygen entrapment at the
central carbon of the pentadienyl system C-11 would give a non-conjugated
hydroperoxide. However, the formation of this hydroperoxide in the absence of good
hydrogen atom donors is unlikely because 11-peroxyl radicals rearrange to
thermodynamically more stable conjugated diene peroxyl radicals, which then form 9- and
13-hydroperoxides (Bascetta et al., 1983; Brash, 2000).
The formation of hydroperoxides from linolenic acid may be considered using linoleic
acid as a model compound. Linolenic acid contains two separate 1,4-diene systems, a C-9
to C-13 system identical with the linoleic acid plus a C-12 to C-16 system. A mixture of
9-, 13-, 12- and 16-hydroperoxides each as cis,trans and trans,trans isomers is formed
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during autoxidation (Frankel et al., 1977c; Chan and Levett, 1977b). However, the
analysis of these isomers revealed that the ’outer’ 9- and 16-hydroperoxides are formed
approximately four times more than ’inner’ 12- and 13-hydroperoxides (Frankel, 1991).
This uneven distribution of hydroperoxides is due to the tendency of 12- and 13-peroxyl
radicals to undergo rapid 1,3-cyclization. The peroxyl radical of the 12- and 13-
hydroperoxides have a cis-double bond homoallylic to the peroxyl group that permits their
facile 1,3-cyclization by intramolecular radical addition to the double bond and the
formation of a new radical (Chan et al., 1980; Coxon et al., 1981; Gardner, 1989). In
Figure 3 the formation of linolenic acid hydroperoxides as well as cyclic peroxides is
presented.
Figure 3. Formation of linolenic acid hydroperoxides (Modified from Gardner, 1989).
In contrast to linoleic acid, the cis,trans hydroperoxides of linolenic acid are not readily
isomerized to the trans,trans configuration, apparently because cyclization is favored
much more than geometrical isomerization. The rate constants for cyclization are 4.5 to
6.5 fold higher than β-scission and thus outer 9- and 16-hydroperoxides and cyclic
peroxides accumulate in media of low hydrogen donating capacity (Gardner, 1989).
In addition to the degree of the unsaturation of the fatty acid, the autoxidation rate is
dependent on the lipid structures. As an example, Miyashita and Takagi (1986) showed
that oleic, linoleic and linolenic acid as free fatty acids were autoxidized more rapidly than
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their corresponding methyl esters. They suggested that the higher oxidation rate of free
fatty acids was due to the catalytic action of carboxyl groups on the decomposition of a
small amount of hydroperoxides formed in the initial stage of autoxidation.
2.1.2. Photo-oxidation
The formation of hydroperoxides from unsaturated fatty acids is accelerated by exposure
to light. This increase may be explained either by direct photo-oxidation (photochemical
oxidation) or by photosensitized oxidation of unsaturated fatty acids (see the reviews of
Chan and Coxon, 1987; Frankel, 1998, p. 43). Direct photo-oxidation is the production of
free radicals from fatty acids during exposure to light (Reaction 7). This reaction is
considered to be of little concern because light is unlikely to reach the lipids except in
direct sunlight in systems without a protective outer layer or container.
hv
RH  R• + H• (7)
Photosensitized oxidation occurs in the presence of photosensitizers and visible light
(Bradley and Min, 1992). Examples of the photosensitizers found in the biological
materials and foods include chlorophyll, hemeproteins, riboflavin and synthetic dyes
(Bradley and Min, 1992; Frankel 1998, p. 43). Sensitizers have two excited states, the
singlet (1sens) and the triplet (3sens), which have a longer life-time and initiates
photosensitized oxidation. There are two types of reactions (Figure 4) as reviewed by
Chan and Coxon (1987), Foote (1991), Bradley and Min (1992) and Frankel (1998, p. 43).
Figure 4. Photosensitized oxidation of fatty acids (Modified from Foote, 1991 and Bradley
and Min, 1992).
sens
hv
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In the Type 1 reaction the sensitizer in the triplet state reacts with the fatty acid substrate
by hydrogen atom or electron transfer to form radicals, which then can react with oxygen.
The hydroperoxides produced are the same as those from free radical autoxidation. In the
Type 2 reaction the triplet sensitizer reacts with oxygen by energy transfer to generate
singlet oxygen (1O2) which react further with unsaturated fatty acids. The distribution of
hydroperoxides from unsaturated fatty acids in the presence of singlet oxygen is different
when compared to autoxidation. Singlet oxygen reacts directly with the double bond of the
unsaturated fatty acid by a concerted ’ene’ addition mechanism. Accordingly, oxygen is
inserted at either end carbon of a double bond, which is shifted to an allylic position in the
trans configuration. The resulting hydroperoxides have an allylic trans double bond. The
structures of these hydroperoxides were identified by Chan (1977), Terao and Matsushita
(1977a), Frankel et al. (1979), Thomas and Pryor (1980) and Terao and Matsushita (1981).
As an example, from linoleic acid a mixture of four hydroperoxide isomers is formed,
namely 9-trans,cis, 13-cis,trans, 10-trans,cis and 12-cis,trans hydroperoxides. A tendency
of the inner 10- and 12-peroxyl radicals to cyclize to a mixture of cyclic peroxides
explains the uneven distribution of hydroperoxide isomers detected in several studies
(Frankel, 1985).
2.1.3. Enzymatic oxidation
The lipoxygenase enzymes from plant and animal sources catalyze the controlled
peroxidation of their fatty acid substrates to give hydroperoxides (Hamberg and
Samuelsson, 1967; Gardner, 1980; Galliard and Chan, 1980). In order to act as a substrate
for lipoxygenase, a 1,4-cis,cis-pentadiene system is needed in the fatty acid. Compared
with autoxidation, the enzyme catalyzed reactions are regio- and stereospecific with regard
to the oxidation products. The specificity of lipoxygenase depend on the source of the
enzyme. As an example, soybean lipoxygenase-1, an enzyme with a pH optimum of 9 to
10, oxygenates polyunsaturated fatty acids to produce 13-hydroperoxides with
S-stereospecificity (Gardner, 1975a; 1980).
Lipoxygenase enzyme (LOX) contain one iron per molecule. The ferric form of the
enzyme is responsible for oxidizing the fatty acid 1,4-cis,cis-pentadiene moiety to the
pentadienyl radical (Figure 5). The pentadienyl radical is thought to react with molecular
oxygen to form a peroxyl radical. The cycle is completed by reduction of peroxyl radical
with the ferrous form of the enzyme to give peroxyl anion and the activated ferric form of
the enzyme (Gardner, 1991; Brash, 1999).
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Figure 5. Lipoxygenase action (Modified from Gardner, 1991 and Brash, 1999).
The hydroperoxides formed through lipoxygenase-catalyzed reactions may serve as
precursors for further transformation by either enzymatic of chemical reactions. Many of
these products have biological activity, suggesting an important role for lipoxygenase-
catalyzed hydroperoxide formation (Gardner, 1991; 1996). As an example, lipoxygenase
catalyzed reactions may be involved in the synthesis of biologically important signaling
molecules which require the formation of a single specific hydroperoxide from free fatty
acid substrate (Brash, 1999). In addition, the hydroperoxides formed through enzyme
catalyzed reactions are intermediates in the synthesis of prostaglandins and other
biologically active eicosanoids (Prigge et al., 1997; Halliwell and Gutteridge, 1999, p.
471).
2.2. Isomerization of fatty acid hydroperoxides
Single hydroperoxide isomers are not stable but are readily isomerized to a equilibrium
mixture of geometrical and positional hydroperoxide isomers (Chan et al., 1975; Terao
and Matsushita, 1977b; Gardner, 1987). Mechanistically the isomerization reaction take
place by a free-radical chain mechanism (Chan et. al., 1979; Porter et al., 1980). The
reaction proceeds by formation of a pentadienyl radical and a molecule of oxygen from
peroxyl radical through β-scission reaction (Figure 6).
This reaction was confirmed by Chan et al. (1978; 1979) in experiments using 18O2,
demonstrating that during this process the oxygen atoms of the peroxyl radical exchange
readily with atmospheric oxygen. Thus, the oxygen addition step is a reversible reaction.
The further reaction of the pentadienyl radical and oxygen can take place to reform the
original peroxyl radical or lead to a rearranged peroxyl radical with the concomitant
RH R .
LOX-Fe3+ LOX-Fe2+
O2
ROO .ROOH
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formation of hydroperoxides. According to Porter (1986) the cis,trans hydroperoxides are
products formed under kinetic control whereas trans,trans hydroperoxides are products
formed under thermodynamic control.
Figure 6. Isomerization of fatty acid hydroperoxides (Modified from Gardner, 1989).
The equilibrium of the hydroperoxide isomers depend on the reaction conditions. Porter et
al. (1980) showed that the distribution of products derived from linoleic acid is dependent
on the concentration of fatty acid undergoing autoxidation. In addition, other solutes and
the selection of the solvent may have an effect (Yamamoto et al., 1982; Wang et al.,
1999). Porter et al. (1981) concluded that the distribution of cis,trans and trans,trans
products depends on the overall hydrogen donating ability of the solution. Any added
reagent should affect the cis,trans to trans,trans product ratio of fatty acid autoxidation
and this ratio may then be used as a measure of the overall hydrogen atom donating ability
of solvents and solutes present in the autoxidation (Porter et al., 1980). As an example,
antioxidants as good hydrogen atom donors may have an effect on the isomeric
distribution of hydroperoxides. The effects of tocopherols and ascorbic acid on the
isomerization reactions of hydroperoxides are discussed in more detail in 2.4.3. and 2.4.4.
2.3. Decomposition of fatty acid hydroperoxides
2.3.1. General
Hydroperoxides are relatively stable compounds under favorable conditions, such as low
temperature, dilute solution, the presence of antioxidants and the absence of catalyst.
Normally such conditions are not encountered, and the hydroperoxides become
susceptible to chemical changes (Gruger and Tappel, 1970; Gardner, 1987; Benzie, 1996).
A complex mixture of secondary oxidation products is formed through the decomposition
reactions of hydroperoxides. The structures of these decomposition products are known
R1 R2
OO
OO R2
R1
R2
R1 OO
R2
R1
.
.
.
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relatively well based on the studies done in various model systems (see the reviews of
Gardner 1987; 1989; Frankel, 1998). However, the exact mechanisms for their formation
and the kinetic and thermodynamic factors governing their quantitative and qualitative
distribution are not yet well understood. Variables that may have an effect on the relative
reaction rates and product distribution include temperature, reaction media and
antioxidative and pro-oxidative compounds (Gardner, 1987). Most likely decomposition
products are formed through several competitive reaction pathways and their relative
importance in different conditions determine the product distribution.
Hydroperoxides may decompose either through homolytic free radical reactions or
through heterolytic reactions. In the present review, the decomposition of hydroperoxides
through free radical reactions is discussed in detail in 2.3.2. Hydroperoxides are also
susceptible to heterolytic reactions under relatively mild reaction conditions. Examples of
these reactions include the nucleophilic transformation of hydroperoxides into the
corresponding hydroxy compounds and the acid-catalyzed rearrangement of
hydroperoxides (Gardner, 1989).
2.3.2. Decomposition of hydroperoxides through free radical reactions
The formation of either a peroxyl or an alkoxyl radical is the first step during the
decomposition of hydroperoxides through free radical reactions (Reactions 8 and 9) (see
the reviews of Gardner, 1987; 1989).
ROOH  ROO• + H• (8)
ROOH  RO• + •OH (9)
The formation of peroxyl radicals is a reversible reaction. In contrast, the formation of
alkoxyl radicals is an irreversible reaction and inevitable leads to the formation of
decomposition products (Gardner, 1987). Peroxyl and alkoxyl radicals are relatively
difficult to generate from preformed hydroperoxides: a ROO-H bond has a bond
dissociation energy of about 90 kcal/mol and a RO-OH bond of about 44 kcal/mol
(Gardner, 1989). Thus the formation of radicals is facilitated by either a catalyst or
conditions, such as heat and light. Peroxyl radicals are easily formed from hydroperoxides
by hydrogen abstraction with another radical (Reaction 10).
ROOH + R•  ROO• + RH (10)
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Hydroperoxides may also decompose through a bimolecular reaction forming both a
peroxyl and an alkoxyl radical (Reaction 11) (Labuza, 1971; Chan, 1987).
2 ROOH  RO• + ROO• + H2O (11)
The bimolecular decomposition becomes more important as the hydroperoxide
concentration increases (Karel, 1992).
Trace metals are important when considering the decomposition of hydroperoxides
(Labuza, 1971; Pokorny, 1987; Schaich, 1992). The reaction rates with metals are much
higher than those of autocatalytic reactions. Various metal ions have differing abilities to
oxidize hydroperoxides, and their activity is also affected by a number of variables, such
as pH, solvents and complexing ligands (Gardner, 1989). Metals may direct the
decomposition of hydroperoxides either through alkoxyl or peroxyl radicals and thus have
an effect on the nature of the decomposition products. Oxidation by higher oxidation
states of metal ions is a pathway to peroxyl radicals (Reaction 12) (Gruger and Tappel,
1970; Gardner, 1989).
ROOH + M(n+1)+  ROO• + H+ + Mn+ (12)
The most common route to alkoxyl radicals is from the reduction of hydroperoxides by
lower oxidation states of metals (Reaction 13).
ROOH + Mn +  RO• + HO− + M(n+1)+ (13)
In addition to the decomposition of hydroperoxides through peroxyl or alkoxyl radicals,
hydroperoxides may also react through intramolecular rearrangement reactions in which
the O-O linkage in retained (Chan and Coxon, 1987). An example of these reactions is the
formation of cyclic peroxides from linolenic acid as shown in 2.1.1.
2.3.3. Monomeric oxidation products
Hydroperoxides may be converted to monomeric decomposition products containing
functional groups such as hydroxy, keto and epoxy groups (Gardner et al., 1974; Terao
and Matsushita, 1975; Schieberle et al., 1979; Frankel, 1987). Both mechanisms through
peroxyl and alkoxyl radicals have been suggested for the formation of these products (see
the reviews of Gardner, 1987; 1989; Frankel, 1998). It seems evident that decomposition
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products may be formed by several competitive pathways. In some studies, the isomeric
distribution of the decomposition products have provided evidence of their formation
mechanism. If the original isomeric configuration remains in the decomposition products,
the result indicate that the intermediate radicals of decomposition are alkoxyl radicals,
which cannot isomerize (Gardner et al., 1974; Gardner et al., 1978; Gardner and Kleiman,
1979; Schieberle and Grosch, 1981b). On the other hand, Schieberle and Grosch (1981b)
reported that during the decomposition of 13-cis,trans ML-OOH through peroxyl radicals
in the presence of copper(II)ions, the majority of ketodiene compounds and some of the
hydroxy compounds were trans,trans isomers.
Hydroxy compounds may be formed through the abstraction of hydrogen atom by an
alkoxyl radical (Reaction 14) (Gardner et al., 1974; Gardner, 1975b; Hamberg, 1975).
RO• + RH  ROH + R• (14)
Hydroxy compounds are relatively stable and do not continue the oxidation reaction
sequences (Spiteller and Spiteller, 1997). However, due to the presence of unsaturation in
the polyunsaturated fatty acids, intramolecular reactions of alkoxyl radicals may be more
important when compared to the formation of hydroxy compounds (Gardner, 1989).
Ketodienes may be formed by the loss of hydrogen from an alkoxyl radical (Reaction 15)
(Gardner, 1975b; Hamberg, 1975).
R1R2CHO• + R•  R1R2C=O + RH (15)
This reaction has been explained on the basis of radical disproportionation where two
alkoxyl radicals combine to yield a hydroxy and a ketodiene compound (Reaction 16)
(Gardner, 1987).
2 R1R2CHO•  R1R2C=O + R1R2CHOH (16)
Russell (1957) suggested that ketodienes are formed by peroxyl radical combination
followed by decomposition of the tetroxide intermediate into a hydroxy and a ketodiene
compound (Reaction 17).
2 R1R2CHOO•  R1R2-CH-OOOO-CH-R1R2 
R1R2C=O + R1R2CHOH + O2 (17)
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According to Gardner (1987) the formation of hydroxy and ketodiene compounds can not
only be explained by this reaction, since the 1:1 ratio of the compounds required by the
mechanism has not been observed in many investigations. Alternatively Schieberle and
Grosch (1981b) suggested that two ketodiene molecules are formed by abstraction of a
hydrogen atom from tetroxide (Reaction 18).
2 R1R2CHOO•  R1R2-CH-OOOO-CH-R1R2 
2 R1R2C=O + O2 (18)
Other mechanisms that might be responsible for the formation of only ketodiene
compounds include hydroxyl radical elimination after a 1,3- or a 1,5-hydrogen shift
(Reactions 19 and 20) (Gardner, 1987).
R1R2CHOO•  R1R2-C• -OOH  R1R2C=O + •OH (19)
R1R2CHOO• + O2  R1R2-CH-OOOO• 
R1R2-C• -OOOOH  R1R2C=O + •OH + 1O2 (20)
The formation of epoxyhydroperoxides probably accounts for the major part of the oxygen
consumption that is commonly observed during the homolytic decomposition of linoleic
acid hydroperoxides (Reaction 21). The epoxyhydroperoxides are in turn subject to
homolysis via an alkoxyl radical and the formation of epoxyhydroxy and epoxyketo
compounds (Reaction 22) (Gardner et al., 1978; Gardner, 1987).
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Epoxides may also be formed by intermolecular addition of hydroperoxide oxygen across
a double bond (Gardner, 1987; 1989). Other monomeric decomposition products
identified from oxidized fatty acids include the conjugated trienes (Yamauchi et al., 1998)
as well as dihydroperoxides (Neff et al., 1981) and cyclic peroxides (Chan et al., 1980;
Coxon et al., 1981). The formation of cyclic peroxides during the autoxidation of linolenic
acid is presented in 2.1.1. The intermediate free radicals formed after cyclization can
either cyclize again to form bicycloendoperoxides, structurally related to prostaglandins,
or undergo cleavage to produce malonaldehyde. The bicycloendoperoxides from oxidized
linolenate were shown to have mainly cis-subsituents in contrast to the natural trans
stereochemistry of the enzymatically derived prostaglandins. This difference in
stereochemistry between the non-enzymatically and enzymatically produced
bicycloendoperoxides may be important physiologically (Frankel, 1991; Frankel, 1998, p.
36).
Recently, isoprostanes have been used as biomarkers for the lipid oxidation in vivo.
Isoprostanes, isomers of enzymatically formed prostaglandins, are formed after the free
radical attack of arachidonic acid (Meagher and FitzGerald, 2000). According to Morrow
and Roberts (1997), the mechanism to explain the formation of isoprostanes is analogous
to that proposed for the generation of bicycloendoperoxide intermediates resulting from
the peroxidation of polyunsaturated fatty acids.
2.3.4. Volatile oxidation products
Low-molecular weight volatile oxidation products are formed as minor products of
hydroperoxide decomposition. Due to their low flavor threshold these compounds are of
importance for the flavor of foods (Grosch et al., 1981). The mechanism suggested for the
formation of these products involves the homolytic cleavage of the hydroperoxide group
to yield an alkoxyl and a hydroxyl radical (Chan et al., 1976; Frankel et al., 1981; Grosch,
1987) and is shown in Figure 7.
The further decomposition of an alkoxyl radical involving carbon-carbon bond scission is
the major pathway for the formation of volatile oxidation products. The β-scission of an
alkoxyl radicals can occur via two routes (marked with A and B in Figure 7) leading to
different decomposition products. As concluded by Grosch (1987), the distribution of the
volatile oxidation products is dependent both on the composition and isomeric distribution
of the monohydroperoxides as well as the nature of the oxidative cleavage. In addition to
monohydroperoxides, nonvolatile secondary products such as dimers, epoxy-
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hydroperoxides and dihydroperoxides may undergo further decomposition into volatile
products. These secondary products contain one or more hydroperoxide groups and
decompose the same way as monohydroperoxides to produce volatile oxidation products
(Miyashita et al, 1985a; Frankel et al., 1987; Frankel, 1998, p. 70).
Figure 7. Formation of volatile oxidation products from monohydroperoxides (Adapted
from Grosch, 1987).
2.3.5. Polymeric oxidation products
Polymeric oxidation products are hydroperoxide decomposition products containing two
or more fatty acid units cross-linked together either through peroxide, ether or carbon-
carbon linkage. According to Miyashita et al. (1985b) the peroxide and ether linkages are
characteristic of polymerization carried out under mild reaction conditions whereas dimers
produced under higher temperature are mainly linked through carbon-carbon bonds.
Indeed, even though dimers and higher oligomers are typical reaction products of heated
lipids (Pokorny et al., 1976), peroxide and ether linked dimers have been found during the
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autoxidation of methyl linoleate, methyl linolenate and methyl linoleate hydroperoxides at
low temperatures (Miyashita et al., 1982; 1984; Neff et al., 1988).
Several mechanisms either through peroxyl, alkoxyl or alkyl radical, have been suggested
for the formation of dimers and higher oligomers (see the reviews of Gardner 1987; 1989).
Again, the relative reaction rates are dependent on the reaction conditions. From peroxyl
radicals, peroxide linked dimers may be formed through β-scission and radical
combination reactions (Reaction 23).
(23)
A combination of two alkoxyl radicals also leads to the formation of a peroxide linked
dimer (Reaction 24) whereas a combination of an alkoxyl and an alkyl radical result in a
dimer with a more stable ether bond (Reaction 25).
2 RO•  ROOR (24)
RO• + R•  ROR (25)
Peroxide linked dimers may also be formed through addition of a peroxyl radical to a
double bond. Reaction 26 shows a hypothetical reaction mechanism of intermolecular
addition of peroxyl radical to the hydroperoxide of linoleic acid. The radical formed may
further continue the free radical reaction sequences. Similarly, ether linked dimers may be
formed through addition of an alkoxyl radical to a double bond.
(26)
Fatty acids may also dimerize thermally by combination and addition of carbon radicals to
form carbon-carbon linked dimers. These reactions mainly occur at higher temperatures in
the absence of both O2 and hydroperoxides.
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2.4. Effects of antioxidants on lipid hydroperoxides
2.4.1. Antioxidants; general
Several different approaches have been used in defining the term ‘antioxidant’. Halliwell
et al. (1995) proposed a broad definition of an antioxidant as ‘any substance that, when
present at low concentrations compared to those of an oxidizable substrate, significantly
delays or prevents oxidation of that substrate’. In this definition they considered also the
oxidation of other materials than lipids. Krinsky (1992) proposed even a broader definition
by considering biological antioxidants as ‘compounds that protect biological systems
against the potentially harmful effects of process or reactions that can cause excessive
oxidation’. On the other hand, Frankel and Meyer (2000) stressed the importance to
understand the mechanisms of action of antioxidants. According to their view too broad a
definition of antioxidants may include too many types of actions that can limit proper
understanding and interpretation of antioxidant mechanisms.
When considering the inhibition of lipid oxidation, antioxidants are classically divided
into two types: chain-breaking antioxidants and preventive antioxidants (see the reviews
of Frankel, 1980; Burton and Ingold, 1986; Pokorny, 1987; Niki, 1987). Chain-breaking
antioxidants are substances inhibiting the propagation step i.e. they interrupt the
autoxidation chains. This period of strong inhibition of lipid oxidation is called the
induction period or lag time. The antioxidant potency of a chain-breaking antioxidant is
determined by several factors such as chemical reactivity toward radicals, site of radical
generation, site of the antioxidant, fate of antioxidant-derived radicals, concentration and
mobility of the antioxidant at the microenvironment, and interactions with other
antioxidants (Niki et al., 1995). Preventive inhibitors decrease the rate of autoxidation by
suppressing the rate of initiation reactions. Metal chelators are preventive antioxidants by
complexing with transition metal ions, thereby inhibiting the metal-catalyzed initiation
and decomposition of hydroperoxides. Other mechanisms of preventive antioxidants
include singlet oxygen quenching, oxygen scavenging and hydroperoxide reduction
(Frankel, 1995; Frankel and Meyer, 2000). Part of these compounds may act as synergists
with chain-breaking antioxidants. Pokorny (1987) defined the synergists as compounds
that have little or no antioxidant activity of their own but which can enhance the activity
of chain-breaking antioxidants. Antioxidants may also have multiple effects and their
mechanism of action may therefore be difficult to interpret. Moreover, the antioxidative
effect of a compound may change to a pro-oxidative effect in certain reaction conditions
or level of addition (Frankel, 1998, p. 134).
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2.4.2. Antioxidants and lipid hydroperoxides
Autoxidation of lipids include several sequences of radical-mediated reactions, namely the
formation and isomerization of hydroperoxides as well as the decomposition of
hydroperoxides to secondary oxidation products (see 2.1., 2.2. and 2.3). Several
mechanisms of action are possible when considering the effects of antioxidants on lipid
hydroperoxides. A generalized scheme of these effects is shown in Figure 8.
Figure 8. Effects of antioxidants on the formation and decomposition of lipid
hydroperoxides.
Chain-breaking antioxidants (marked with AH) may react with chain-carrying peroxyl and
alkoxyl radicals and thus inhibit the formation, isomerization and decomposition of
hydroperoxides. Preventive antioxidants (marked with an arrow) inhibit the initiation steps
of hydroperoxide formation and decomposition. Antioxidants may also direct the
oxidation reaction sequences and thus have an effect on the decomposition products of
lipid hydroperoxides. In addition, there is increased evidence that antioxidants may show
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different effects toward hydroperoxide formation and decomposition (see the review of
Frankel, 1995). Thus, in order to understand the mechanisms of action of antioxidants, it is
of importance to separately study the effects of antioxidants on the formation and
decomposition of hydroperoxides.
2.4.3. Tocopherols
Structures
Structurally tocopherols can be viewed as consisting of a chroman ring into which a
phytyl side chain is attached at C-2 position. The tocopherol homologues (α-, β-, γ-, and
δ-tocopherols) differ in the number and positions of the methyl groups on the phenolic
ring (Figure 9).
R1 R2
α-tocopherol CH3 CH3
β-tocopherol CH3 H
γ-tocopherol H CH3
δ-tocopherol H H
Figure 9. Structures of tocopherols.
A tocopherol molecule has three chiral centers in its phytyl side chain making a total of
eight stereoisomeric forms possible. Tocopherols isolated from natural sources have the
R-configuration at all three asymmetric centers and are given the prefix RRR. Synthetic α-
tocopherol is a mixture of approximately equal amounts of the eight possible
stereoisomers and is given the prefix all-rac (Kamal-Eldin and Appelqvist, 1996; Bramley
et al., 2000).
The radical scavenging properties of tocopherols reside in the fused chroman ring system.
The phytyl side chain has an effect on the location of tocopherols in different systems and
R1
OH
R2
CH3
O
CH3 CH3 CH3
CH3
CH3
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thus on the antioxidant properties of tocopherols. This was demonstrated by Frankel et al.
(1994) with corn oil stripped of natural tocopherols in bulk oil and in emulsion system
using α-tocopherol and Trolox as model compounds. The phytyl side chain ensure that the
reactive center is located where it is most needed in the living system (Burton and Ingold,
1981; McCay, 1985). α-Tocopherol is more reactive than β-, γ- and δ-tocopherols because
these three tocopherols lack one or more methyl groups. Such electron-releasing groups
stabilize tocopheroxyl radicals and therefore increase the hydrogen-donating ability of the
tocopherols (Burton et al., 1985).
Tocotrienols are an other group of compounds possessing vitamin E activity. The chroman
ring structure of four tocotrienols is similar to corresponding tocopherols but they have
three isolated double bonds in their phytyl side chains. Similar to tocopherols, tocotrienols
are potent antioxidants but their antioxidant properties are not yet well understood
(Kamal-Eldin and Appelqvist, 1996; Wagner et al., 2001).
Chemistry of tocopherols in relation to their antioxidant activity
As phenolic compounds, tocopherols (TOH) act as chain-breaking antioxidants by
donating hydrogen atoms to the chain-carrying alkyl radicals R• (Reaction 27) and to
peroxyl radicals ROO• (Reaction 28). Under atmospheric conditions, because of the
extremely rapid reaction of R• with air oxygen, approaching diffusion rates, the
termination reaction with peroxyl radicals is considered most prelevant (Labuza, 1971;
Simic et al., 1992).
R• + TOH  RH + TO• (27)
ROO• + TOH  ROOH + TO• (28)
In addition to peroxyl radicals, tocopherols may act as hydrogen atom donors to alkoxyl
radicals to form more stable hydroxy compounds (Reaction 29) (Hopia et al., 1996a).
RO• + TOH  ROH + TO• (29)
Tocopherols are effective chain-breaking antioxidants because they produce stable and
relatively unreactive antioxidant radicals. The tocopheroxyl radicals (TO•) are stable due
to the resonance stabilization of their phenoxyl structure (Burton and Ingold, 1986). α-
and β-Tocopheroxyl radicals have three resonance forms whereas γ- and δ-tocopherols
have only two resonance forms (Kamal-Eldin and Appelqvist, 1996). An other factor
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affecting tocopherols efficiency as antioxidants is their ability to compete with lipid
substrate, present in much higher concentration, for the chain-carrying radicals (Frankel,
1998, p. 130). According to Simic et al. (1992) the rate constant of the reaction between
α-tocopherol and peroxyl radical in a solution at room temperature is 104–105 times higher
when compared to the reaction between polyunsaturated fatty acid and peroxyl radical.
Different tocopherols show different reactivities towards peroxyl radicals. Burton and
Ingold (1981) studied the rate constants for the reaction between α-, β-, γ-, and δ-
tocopherols and peroxyl radicals using styrene as the oxidizable substrate. Values for α-,
β-, γ-, and δ-tocopherols were 23.5, 16.6, 15.9, and 6.5 x 105 M-1s-1, respectively. In
accordance to these results, Niki et al. (1986) showed that the reactivities of tocopherols
towards peroxyl radicals decrease in the order α > β ≅ γ > δ. Similarly, Lambelet and
Löliger (1984) showed with an ESR study that α-tocopherol forms the corresponding
α-tocopheroxyl radical most rapidly whereas δ-tocopherol forms the δ-tocopheroxyl
radical most slowly.
Tocopheroxyl radical formed in the reaction between tocopherol and lipid radical may
combine with a peroxyl radical in a termination reaction yielding non-radical products
(Reaction 30).
ROO• + TO•  non-radical products (30)
Indeed, Burton and Ingold (1981) showed that the stoichiometric factors for all the
tocopherols were equal to 2.0, suggesting that each tocopherol reacts with two peroxyl
radicals. At low levels of peroxyl radicals, tocopheroxyl radicals can undergo self-
coupling to form dimers and trimers which still are potent antioxidants (Reaction 31).
TO• + TO•  TO-TO (31)
Burton et al. (1985) measured the rates of bimolecular coupling of the four tocopherols
and suggested that the reactions are very slow when compared to the reactions of
tocopherols with peroxyl radicals. Thus, when tocopherols are present with other radicals,
the antioxidative reactions i.e. coupling with peroxyl and other radicals will predominate
but dimeric tocopherol products also will be formed (Kamal-Eldin and Appelqvist, 1996).
As mentioned above, tocopherols decompose to several oxidation products. Recently, the
reaction pathways for the formation of these oxidation products have been reviewed in
detail by Kamal-Eldin and Appelqvist (1996). The oxidation pathways are affected both
by the tocopherol structure and the reaction conditions. As an example, the oxidation
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products of α-tocopherol include α-tocopherolquinone, epoxy-α-tocopherolquinones, as
well as dimeric and trimeric oxidation products (Ha and Igarashi, 1990; Yamauchi et al.,
1993; 1995, Murkovic et al., 1997; Liebler and Burr, 2000; Verleyen et al., 2001). Some
of the tocopherol oxidation products may still have antioxidant activity. As an example,
Gottstein and Grosch (1990) reported that dimers formed from γ-tocopherol may still act
as antioxidants, since they contain phenolic OH-groups.
Tocopherols may also participate in reactions which may have negative effects on their
antioxidant activity. Tocopheroxyl radicals may react with either intact fatty acids
(Reaction 32) or fatty acid hydroperoxides (Reaction 33) (Terao and Matsushita, 1986;
Yanishlieva and Marinova, 1992; Bowry and Stocker, 1993; Mukai et al., 1993a).
TO• + RH  TOH + R• (32)
TO• + ROOH  TOH + ROO• (33)
Mukai et al. (1993a; 1993b) reported that the rate constants of the reaction of
α-tocopheroxyl radical with ethyl linoleate and methyl linoleate hydroperoxides were
1.82 x 10-2 M-1s-1 and 5 x 10-1 M-1s-1, respectively. In accordance with these values,
Watanabe et al. (1999) measured the rate constants for hydrogen atom abstraction by α-
tocopheroxyl radicals from methyl linoleate and t-butyl hydroperoxide by a stopped-flow
ESR technique and obtained the values of 3 x 10-2 M-1s-1 and 4 x 10-1 M-1s-1, respectively.
Thus, the reaction rates are much less when compared to the reactions between
tocopherols and peroxyl radicals.
The tocopherol molecules may directly react with hydroperoxides (Reaction 34) (Denisov
and Khudyakov, 1987; Yanishlieva and Marinova, 1992).
TOH + ROOH  TO• + RO• + H2O (34)
Part of the negative effects of tocopherols may also be explained by their ability to reduce
transition metals to a lower oxidation state (Reaction 35) (Yamamoto and Niki, 1988;
Kontush et al., 1996; Karten et al., 1997) which are more active in the homolytic
decomposition of hydroperoxides when compared to metals in higher oxidation states.
TOH + M(n+1)+  TO• + Mn+ + H+ (35)
The reduced form of metals catalyze the decomposition of hydroperoxides to reactive
alkoxyl radicals which may initiate new chain reactions (see Reaction 13).
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In addition to their activity as chain-breaking antioxidants, tocopherols have other
mechanisms of action which may influence the initiation of oxidation reactions and thus
the formation of hydroperoxides. Tocopherols are effective inhibitors of photo-oxidation
by reacting with singlet oxygen either by physical quenching or by chemical reactions
(Kamal-Eldin and Appelqvist, 1996). They may also inhibit the enzymatic oxidation
catalyzed by lipoxygenase.
Effects of tocopherols on the formation of lipid hydroperoxides
The effects of tocopherols on the formation of lipid hydroperoxides have been studied
using various different model systems and analytical methods. Examples of these studies
were selected for Table 1. The relative activities of tocopherols on lipid hydroperoxide
formation depend both on the structure and concentration of tocopherols. Jung and Min
(1990) studied the oxidation of purified soybean oil at 55°C and showed that the optimum
concentrations of α-, γ- and δ-tocopherols to inhibit the formation of hydroperoxides were
100, 250 and 500 ppm, respectively. Huang et al. (1994; 1995), Fuster et al. (1998) and
Lampi et al. (1999) showed that when added at low concentrations to vegetable oil
triacylglycerols in bulk, α-tocopherol was a better inhibitor of hydroperoxide formation
than γ-tocopherol, but γ-tocopherol was more efficient at high concentrations.
Several studies have suggested that tocopherols at higher levels accelerate the formation
of hydroperoxides especially at the early stage of oxidation. Jung and Min (1990) showed
that tocopherols above their optimum level had a pro-oxidant effect on hydroperoxide
formation. Huang et al. (1994) showed an initial pro-oxidant effect for α-tocopherol at 250
ppm or above in bulk oil and 500 ppm or above in emulsion. Yanishlieva and Marinova
(1992) showed that α-tocopherol increased the rate of inhibited oxidation in lard.
According to their terminology this result indicate that the strength of α-tocopherol is low.
As suggested by Kamal-Eldin (2000), these findings may be comparable to that
recognized by Bowry and Stocker (1993) as tocopherol-mediated oxidation in low density
lipoprotein (LDL) particles showing that α-tocopherol had a pro-oxidant effect on LDL
oxidation. In contrast to these studies, Fuster et al. (1998) showed that α- and γ-
tocopherols inhibited the formation of hydroperoxides during the oxidation of purified
sunflower oil triacylglycerols even at high levels (2000 ppm) when compared to a control
sample without antioxidants. Similarly, Lampi et al. (1999) showed no pro-oxidant effect
for tocopherols when compared to a control sample.
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An other factor explaining the different results concerning the effects of tocopherols on
lipid hydroperoxide formation may be the experimental parameters used (Cillard et al.,
1980; Iwatsuki et al., 1994; Frankel et al. 1994; Huang et al., 1996; Yanishlieva and
Marinova, 1998; Upston et al., 1999). These parameters include the oxidizable substrate as
well as the oxidation conditions. As an example, Huang et al. (1996) showed that the
ability of α-tocopherol to act as a inhibitor of hydroperoxide formation was dependent
both on the oxidizable substrate (triacylglycerol vs. methyl ester vs. free fatty acid) as well
as whether the substrate was a bulk oil or an emulsion.
The contradictory effects of tocopherols on lipid hydroperoxides are obviously due to the
possibility of tocopherols to participate in various reactions some of which may decrease
their ability to inhibit the formation of lipid hydroperoxides. The relative reaction rates in
different oxidation conditions determine the activity of tocopherols on lipid
hydroperoxides. Thus, the relative activities of tocopherols to inhibit lipid hydroperoxide
formation are not only dependent on their absolute chemical reactivities toward peroxyl
and other radicals but also on many possible side reactions (Terao and Matsushita, 1986;
Yanishlieva and Marinova, 1992; Kamal-Eldin and Appelqvist, 1996).
Effects of tocopherols on the isomeric distribution of lipid hydroperoxides
Tocopherols not only inhibit the formation of lipid hydroperoxides but are also known to
have an effect on the relative distribution of hydroperoxide isomers formed during
autoxidation. Porter et. al. (1980) showed that α-tocopherol increased the proportion of
cis,trans hydroperoxides during the autoxidation of linoleic acid. α-Tocopherol has also
been used to prepare isomerically pure cis,trans hydroperoxides from methyl linoleate and
methyl linolenate (Peers et al., 1981) as well as from methyl arachidonate and 2-linoleoyl-
1,3-dipalmitoylglycerol (Peers and Coxon, 1983). Kenar et al. (1996) extended the study
to hydroperoxide isomers of LDL and showed that 9- and 13-hydroperoxides of
cholesteryl linoleate with cis,trans conjugated diene structure were formed as the major
oxidation products if endogeneous α-tocopherol was present in LDL.
This property of α-tocopherol to direct the isomeric distribution of hydroperoxides is
related to its high hydrogen-donating power to peroxyl radicals formed during the
autoxidation of fatty acids. As shown in Figure 2 (see 2.1.1.), using linoleic acid as a
model compound, the initially formed cis,trans peroxyl radicals (kinetic products)
rearrange to trans,trans isomers (thermodynamic products) during autoxidation reactions.
α-Tocopherol as a strong hydrogen atom donor is believed to increase the cis,trans to
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trans,trans product ratio by trapping initially formed peroxyl radicals before they undergo
rearrangement (Porter et al., 1980).
γ- and δ-Tocopherols affected the isomeric distribution of hydroperoxides during the
autoxidation of methyl linoleate in a similar way to α-tocopherol but to a lesser extent
(Peers et. al., 1984). Similarly, Gottstein and Grosch (1990) showed that α-tocopherol was
more efficient in inhibiting the isomerization of cis,trans ML-OOH than γ-tocopherol.
This order of α-, γ- and δ-tocopherols is in agreement with their reactivities toward
peroxyl radicals (Burton and Ingold, 1981).
Effects of tocopherols on the decomposition rate and products of lipid
hydroperoxides
Mainly two different approaches have been used, when the effects of tocopherols on the
decomposition of hydroperoxides have been studied. Either the decomposition of purified
hydroperoxides have been followed or the formation of volatile oxidation products have
been used as an indicator of hydroperoxide decomposition. For Table 2, studies showing
the effects of tocopherols on the decomposition of hydroperoxides were selected. In most
studies, tocopherols acted as inhibitors of hydroperoxide decomposition. However, the
stabilizing effect is highly system dependent as α-tocopherol at 10 mM level accelerated
the decomposition of 13-ML-OOH at 100°C (Yamauchi et al., 1998). Schieberle and
Grosch (1981b) showed no effect of tocopherols on the stability of 13-cis,trans ML-OOH
in the presence of metal catalyst. In addition, the studies of Koskas et al. (1984) and
Huang et al. (1994) suggest that α-, γ- and δ-tocopherols may have different inhibitory
effects against hydroperoxide decomposition.
Tocopherols may also have effects on the reaction sequences of lipid hydroperoxide
decomposition and thus on the decomposition products formed. Rafat Husain et al. (1987)
showed that α-tocopherol decreased the formation of malonaldehyde during the oxidation
of linolenic and arachidonic acid. Frankel and Gardner (1989) showed that tocopherols as
good hydrogen atom donors inhibited the homolytic β-scission of alkoxyl radicals formed
during the decomposition of ML-OOH at 180°C and thus the formation of volatile
oxidation products. In addition, the work indicated that the addition of α-tocopherol may
not only decrease the total amount of volatile oxidation products formed, but may also
control the product distribution. Huang et al. (1994; 1995) showed that α-, γ- and δ-
tocopherols efficiently inhibited the formation of volatile oxidation products by
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using hexanal as an indicator. Hopia et al. (1996a) studied the decomposition of ML-OOH
in hexadecane. They suggested that α-tocopherol efficiently inhibited the formation of
hexanal by acting as a hydrogen atom donor to alkoxyl radicals (see Reaction 29). The
increased formation of hydroxy compounds support this theory. Yamauchi et al. (1998)
studied the decomposition of 13-ML-OOH at 100°C in the bulk phase. High
concentrations of α-tocopherol accelerated the formation of both hydroxy and ketodiene
compounds.
2.4.4. Ascorbic acid
Structures
Ascorbic acid (AscH2) is a weak, dibasic acid with an enediol group built into a five
membered heterocyclic lactone ring. At physiological pH, ascorbic acid exists mainly as
the ascorbate anion (AscH −). Ascorbate can undergo a two-step reversible oxidation
process to form dehydroascorbic acid (DHA), with the formation of the ascorbyl radical
(Asc• −) as an intermediate (Figure 10) (Bendich et al., 1986; Niki, 1991a; Tsao, 1997).
Figure 10. Oxidation of ascorbic acid to dehydroascorbic acid (Modified from Niki, 1991a
and Bors and Buettner, 1997).
The delocalized nature of the unpaired electron in the ascorbyl radical makes it relatively
unreactive and it either disproportionates or reacts with other free radicals, thereby
effectively terminating the propagation of free radical reactions in which it is involved
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(Bendich et al., 1986). The substitution in the 2- or 3-positions of ascorbic acid makes it
no longer active as an antioxidant, whereas compounds substituted in the 6- or 5,6-
positions are active antioxidants (Cort, 1982; Takahashi et al., 1986). As an example,
ascorbic acid may be esterified with palmitic acid at the 6 position to transform its
strongly hydrophilic behavior to lipophilic behavior. The structure of ascorbyl palmitate is
presented in Figure 11.
Figure 11. Ascorbyl palmitate.
Chemistry of ascorbic acid in relation to its antioxidant activity
Ascorbic acid has complex multi-functional effects by acting as an antioxidant, or as a
pro-oxidant, or as a metal chelator, or as a reducing agent, depending on the reaction
conditions (Frankel, 1995). Because of these properties Porter (1993) described ascorbic
acid as a real paradox, Dr Jekyll and Mr Hyde. Ascorbic acid is an excellent scavenger of
aqueous free radicals such as hydroxyl and peroxyl radicals (Reaction 36) (Bendich et al.,
1986; Frei et al., 1989; Niki, 1991b).
ROO• (aq) + AscH −  ROOH + Asc• − (36)
The rate constant for the reaction between ascorbic acid and peroxyl radical is 1.6. x 104
M-1s-1. (Cabelli and Bielski, 1983; Niki, 1991a). Wayner et al. (1986; 1987) studied the
ability of ascorbic acid to scavenge peroxyl radicals in plasma samples. They showed that
the number of peroxyl radicals trapped by each ascorbate molecule decreases as the
concentration of ascorbic acid increases. This is due to the fact that ascorbic acid not only
acts as a radical-trapping antioxidant but itself undergoes autoxidation.
Assuming that ascorbic acid is a chain-breaking antioxidant in lipid systems, it should be
capable of scavenging lipid peroxyl and alkoxyl radicals and thus inhibit the free radical
reactions. Ueda et al. (1986), Marinova and Yanishlieva (1992) and Beddows et al. (2001)
O
OHOH
O
CH2OC(CH2)14CH3
O
HOCH
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suggested that at least under certain reaction conditions ascorbic acid or ascorbyl palmitate
can act as a hydrogen atom donor to peroxyl radicals in oxidizing lipid system. In contrast,
according to Cillard and Cillard (1987), Niki (1991a) and Porter (1993) ascorbic acid can
not donate hydrogen atoms to lipid peroxyl radicals during the autoxidation reactions.
Other mechanism responsible for the effects of ascorbic acid and ascorbyl palmitate on
lipid hydroperoxides is the reduction of hydroperoxides to more stable hydroxy
compounds which do not continue the radical chain reactions (Schieberle and Grosch,
1981b; von Uhl and Eichner, 1990). In addition, ascorbic acid may act as a metal chelator
(Kanner et al., 1977; Fukuzawa et al., 1993), scavenger of singlet oxygen (Bendich et al.,
1986; Lee et al., 1997), inhibitor of the action of lipoxygenase enzymes by scavenging the
free radicals formed during the lipoxygenase catalyzed reactions (Maccarrone et al., 1995)
as well as a scavenger of molecular oxygen (Frankel, 1998).
The pro-oxidative effects of ascorbic acid and ascorbyl palmitate have been often
explained by their reductive activity on metal ions, such as iron, copper and cobalt ions.
Ascorbic acid keeps metal ions in their reduced form which are more active in the
homolytic decomposition of hydroperoxides when compared to the oxidized form
(Reaction 37) (Kanner, et al., 1977; Mahoney and Graf, 1986; Fukuzawa et al., 1993).
AH − + M(n+1)+  A− • + Mn+ + H + (37)
The reduced form of metal ions catalyze the decomposition of hydroperoxides to reactive
alkoxyl radicals (see Reaction 13) which may continue the oxidation reaction sequences.
Effects of ascorbic acid on the formation, isomerization and decomposition
of lipid hydroperoxides
Relatively few studies have been reported where the effects of ascorbic acid or ascorbyl
palmitate have been studied in systems where neither tocopherols or metal catalyst are
present in the system. In Table 3, studies were selected where ascorbic acid or ascorbyl
palmitate alone were assumed to be responsible for the effects seen for the formation of
lipid hydroperoxides. As shown in Table 3, both results suggesting ascorbic acid and
ascorbyl palmitate as inhibitors and accelerators of hydroperoxide formation have been
reported. These contradictory results may be explained by several factors such as the
concentration of ascorbic acid or ascorbyl palmitate and the experimental parameters used.
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If ascorbic acid and ascorbyl palmitate are capable of acting as hydrogen atom donors to
peroxyl radicals similar to tocopherols, they should influence the isomeric distribution of
hydroperoxides during their formation (Porter et al., 1980; Porter, 1986). Schieberle and
Grosch (1981b) showed that ascorbyl palmitate inhibited the isomerization of 13-cis,trans
ML-OOH incubated in the presence of Cu(Pal)2. In contrast, Cillard and Cillard (1987)
followed the isomeric distribution of linoleic acid hydroperoxides during the autoxidation
and showed that ascorbic acid at 10-4 and 5 x 10-4 M levels had no effect on the isomeric
distribution of hydroperoxides. Thus, they suggested that the action of ascorbic acid as a
hydrogen atom donor to peroxyl radicals was not the main reaction in inhibiting the
formation of hydroperoxides.
For Table 4, studies focusing on the effects of ascorbic acid and ascorbyl palmitate on the
decomposition of hydroperoxides were selected. As for the formation of hydroperoxides,
contradictory results have been obtained. Several studies have shown the importance of
the interactions between preformed hydroperoxides, ascorbic acid and metal ions as
initiators and accelerators of lipid oxidation. Laudicina and Marnett (1990) showed that
ascorbic acid exerts a significant pro-oxidant effect on hydroperoxide induced lipid
oxidation in rat liver microsomes and suggested that this effect is due to the ability of
ascorbic acid to reduce metal ions. Fukuzawa et al. (1993) reported studies on the
initiation of oxidation of phospholipids in bilayer membranes. They suggested that alkoxyl
radicals generated from phosphatidylcholine hydroperoxides (PC-OOH) near the
membrane surface triggers the initiation reactions of lipid oxidation. The cleavage of
PC-OOH by a Fenton-like reaction is catalyzed by the weakly charged Fe2+-ascorbic acid
complex and not the free Fe2+. Jacobsen et al. (1999; 2001) studied the interactions of
ascorbic acid and metal ions in mayonnaise containing 16% of fish oil. They suggested
that ascorbic acid promoted the reduction of Fe3+ to Fe2+ and the release of iron from the
oil-water interfacial layer into the water phase of emulsion. The ascorbic acid-iron
complex subsequently reacts with lipid hydroperoxides, resulting in increased lipid
oxidation and the flavor deterioration of mayonnaise. Bondet et al. (2000) studied the
oxidation of linoleic acid in an emulsion model. They suggested that traces of intial
hydroperoxides present in the system had an important role in the initiation of lipid
oxidation by ascorbic acid and Fe2+.
2.4.5. Synergistic interactions between tocopherols and ascorbic acid
The synergistic interactions between α-tocopherol and ascorbic acid are mainly explained
by the regeneration and recycling of the tocopheroxyl radical intermediate to the parent
tocopherol (Figure 12) (see the reviews of Niki, 1987; Packer, 1997). Packer et al. (1979)
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with a pulse radiolysis technique provided direct evidence of the ability of ascorbic acid to
regenerate tocopheroxyl radical. They measured the rate constant of this reaction as 1.55 x
106 M-1s-1.
The interactions between tocopherols and ascorbic acid have been first demonstrated in
homogeneous systems (Packer et al., 1979; Niki et al., 1983; Lambelet et al., 1985).
However, there have been some controversy on whether such an interaction can occur in a
heterogeneous system in which tocopherols are located in the lipid environment whereas
ascorbic acid is located in aqueous environment (Niki, 1991a; Packer, 1997). Ascorbic
acid cannot inhibit the oxidation of lipids when the radicals are initially generated within
the lipid phase where tocopherols are active. However, ascorbic acid is able to interact
with tocopheroxyl radicals, which in turn must be located at or near the interface (Wayner
et al., 1987; Niki et al., 1991b). This type of interaction has been demonstrated in
emulsions (Frankel et al., 1994) and in liposomal membranes (Niki, 1991a) and is the
basis for the synergistic effects of these two compounds. In addition, the synergistic
interactions between tocopherols and ascorbic acid may be due to the ability of ascorbic
acid to act as a metal chelator and thus inhibit the initiation of oxidation chain reactions.
Figure 12. Regeneration of tocopheroxyl radical with ascorbic acid (Modified from Packer
et al., 1979).
The synergistic interactions between tocopherols and ascorbic acid may be of importance
in inhibiting the initial formation of hydroperoxides accelerated by tocopherols (Cillard
and Cillard, 1986; Terao and Matsushita, 1986; Bowry and Stocker, 1993). As an
example, Kulås and Ackman (2001) showed during the oxidation of purified menhaden oil
that ascorbyl palmitate reduced the initial rate of hydroperoxide formation in samples
containing higher α-tocopherol levels. Upston et al. (1999) and Thomas and Stocker
(2000) stressed the importance of this reaction to inhibit the lipid oxidation in vivo.
ROO .
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TOH
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-
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2.5. Lipid hydroperoxides in biological systems and in foods
Lipid oxidation reactions proceed through the same basic mechanisms of lipid
hydroperoxide formation and decomposition in biological systems and in foods. However,
due to the different characteristics of the systems, the consequences of the oxidation
reactions may differ. Antioxidants, such as tocopherols and ascorbic acid, have important
roles as inhibitors of these oxidation reaction sequences.
In foods, the decomposition of hydroperoxides by transition metals may be the most
important cause of oxidation since both metals and hydroperoxides are ubiquitous to lipid-
containing foods (Decker and McClements, 2001). Part of the oxidation in foods is
desirable. As an example, specific volatile oxidation products formed during
decomposition of hydroperoxides contribute to the desirable flavors in foods such as
cheese and other milk products as well as deep-fat fried foods (Aruoma, 1994). However,
the volatile oxidation products are mainly related to the decreased sensory quality of
foods. Lipid hydroperoxides or radicals derived from hydroperoxides decrease the
nutritional quality of foods by reacting with important components such as tocopherols
and carotenoids (Gordon, 2001). A number of classes of lipid peroxidation products have
been demonstrated to exert toxic effects in studies on both animals and cellular systems
(Kubow, 1993). Especially, lower molecular weight products of hydroperoxide
decomposition are absorbed and are damaging when compared to the long-chain
hydroperoxides (Gurr 1999, p. 102). As an example, there is increased evidence that
4-hydroxy-2-trans-nonenal and related unsaturated aldehydes possess cytotoxic properties
(Esterbauer et al., 1991; Uchida, 2000). Kubow (1993) concluded that more systematic
research is needed to assess the consequences of ingestion of these compounds.
In plants, the ripening and senescence of fruits is a controlled oxidative process. In
addition, the formation of lipid hydroperoxides and aldehydes during the damage of plant
tissues may play an important role in killing fungi and bacteria attempting to enter the
wound, since several of these products have been shown to be toxic (Halliwell and
Gutteridge, 1999, p. 467; 470).
In biological systems the formation of hydroperoxides by enzyme catalyzed reactions,
such as cyclooxygenase and lipoxygenase, is a controlled process which produces
stereospecific hydroperoxides and endoperoxides of physiological importance and does
not reflect the generation of free radicals or lack of antioxidants (Benzie, 1996). The
controlled synthesis of hydroperoxides may be involved in the synthesis of biologically
important signaling molecules (Brash, 1999). There is also an intimate relationship
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between non-enzymatic lipid peroxidation and prostaglandin metabolism (Halliwell and
Gutteridge, 1999, p. 471). However, there is increased evidence that uncontrolled lipid
peroxidation is involved in the development of many chronic diseases (Benzie, 1996;
Stone and Papas, 1997; Spiteller, 1998; Girotti, 1998; Diplock et al., 1998). Oxidative
damage in vivo due to the oxidative stress is partly explained by the formation of lipid
oxidation products. However, as stated by Halliwell and Gutteridge (1999, p. 624), in
most human diseases oxidative stress may be a consequence and not the cause of the
primary disease process. In biological systems most of the generated lipid hydroperoxides
are reduced rapidly to their corresponding hydroxy compounds in enzyme catalyzed
reactions (Thomas et al., 1990; Spiteller, 1998; Girotti, 1998). If the system is not in
balance, harmful effects of lipid hydroperoxides may be seen. Damaging influences are
mostly attributed not just to hydroperoxides but to their cleavage to alkoxyl and peroxyl
radicals. From these reactions a complex mixture of secondary oxidation products is
formed. Some of these products are highly reactive and physiologically relevant (Spiteller,
1998).
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3. OBJECTIVES OF THE PRESENT STUDY
The aim of this thesis was to study the effects of tocopherols and ascorbic acid on the
formation and decomposition of lipid hydroperoxides. The studies were carried out to
obtain information on the antioxidant action of tocopherols and ascorbic acid during
different stages of lipid oxidation reaction sequences. Tocopherols and ascorbic acid are
important natural antioxidants in biological systems and in foods with different chemical
structures and functions. Methyl linoleate and methyl linoleate hydroperoxide (ML-OOH)
models were applied in order to gain insight into the mechanisms of action of tocopherols
and ascorbic acid on lipid hydroperoxides.
The main objectives of the individual studies were:
1. To study the effects of tocopherols and ascorbic acid on the formation and
decomposition of ML-OOH.
2. To study the mechanisms of action of tocopherols and ascorbic acid on lipid
hydroperoxides by analyzing the isomeric distribution of ML-OOH as well as the
formation and isomeric distribution of selected decomposition products.
3. To study the interactions of α-tocopherol and ML-OOH during the oxidation of methyl
linoleate.
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4. MATERIALS AND METHODS
This section summarizes the materials and methods presented in more detail in the original
papers I-V.
4.1. Materials
Methyl linoleate and methyl linoleate hydroperoxides
Commercially available methyl linoleate (Nu Check Prep. Inc., Elysian, MN, USA, purity
> 99%) was used as an oxidizing substrate when the formation of ML-OOH was followed
(I, IV). The initial hydroperoxide content of methyl linoleate, as analyzed by the ferric
thiocyanate method (FIL-IDF 74A:1991; Ueda et al., 1986; Mäkinen et al., 1995), was
always less than 5 mmol/kg.
For decomposition studies, a mixture of 9- and 13-cis,trans ML-OOH isomers (methyl-9-
hydroperoxy-trans-10-cis-12-octadecadienoate and methyl-13-hydroperoxy-cis-9-trans-
11-octadecadienoate) was produced (II, III, IV). Methyl linoleate was oxidized in the
dark at 40°C in the presence of 5% α-tocopherol to produce only cis,trans isomers (Peers
et al., 1981). Cis,trans ML-OOH were purified from non-oxidized methyl linoleate and α-
tocopherol with solid-phase extraction (II) with a method modified from Frankel et al.
(1989). The purity of the cis,trans ML-OOH fraction was checked by thin layer
chromatography and the concentration of cis,trans ML-OOH was measured
spectrophotometrically at 234 nm (Chan and Levett, 1977a). According to the high-
performance liquid chromatographic (HPLC) analysis, isomerically pure cis,trans ML-
OOH was produced. In addition, a small amount of cis,trans hydroxy compounds (0.4 -
2.5% of total ML-OOH) and cis,trans ketodienes (0.8 - 2.1% of total ML-OOH) were
present after solid-phase extraction. The α-tocopherol content was less than 0.01 mM as
analyzed by HPLC. Thus, it is reasonable to assume that this low level had no significant
effect on the decomposition of cis,transML-OOH.
When the combined effects of α-tocopherol and ML-OOH on the oxidation of methyl
linoleate were studied (V), a mixture of four ML-OOH isomers (9-cis,trans, 9-trans,trans,
13-cis,trans, 13-trans,trans) was used. ML-OOH were produced by oxidation of methyl
linoleate in the absence of antioxidants. The purification of the ML-OOH fraction was
done with solid-phase extraction as described above.
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Antioxidants
α-, γ- and δ-Tocopherols and ascorbic acid were purchased from Merck (Darmstadt,
Germany, purity > 95%) and were used as received. Ascorbyl palmitate (purity > 95%)
and EDTA (ethylenediamine tetraacetic acid, purity > 99 %) were from Sigma Chemicals
Co. (St. Louis, MO, USA).
4.2. Experimental
Formation of ML-OOH during the autoxidation of methyl linoleate (I, IV)
The formation of ML-OOH was followed during the autoxidation of methyl linoleate at
40°C in the dark. α- and γ-Tocopherols were added at 10, 100, 500 and 1000 ppm levels to
methyl linoleate samples (0.5 g) (I). Ascorbic acid and ascorbyl palmitate were added at
1 and 10 mM levels to 1.4 g methyl linoleate samples (IV). All the samples were prepared
and analyzed as duplicates. In addition, all experiments were repeated twice.
Decomposition of cis,trans ML-OOH in hexadecane and in hexadecane-in-
water emulsion (II, III, IV)
The effects of α-tocopherol (II), α-, γ- and δ-tocopherols (III) and ascorbyl palmitate (II)
on the decomposition of cis,trans ML-OOH were followed in the model system of 40 mM
cis,trans ML-OOH in hexadecane. Three initial concentrations (0.2, 2 and 20 mM) were
used. Samples were incubated in screw-capped glass vials at 40°C in the dark with
magnetic stirring. When the effects of α-, γ- and δ-tocopherols on the decomposition of
cis,trans ML-OOH were followed, all experiments were performed in triplicates, which
enabled the statistical analysis of the results (III).
The effects of ascorbic acid and ascorbyl palmitate on the decomposition of cis,trans
ML-OOH were compared both in hexadecane and in hexadecane-in-water emulsion (IV).
From hexadecane containing 40 mM of cis,trans ML-OOH, a 10% hexadecane-in-water
emulsion was prepared using Tween 20 as the emulsifier (Frankel et al., 1994; Heinonen
et al., 1997). Two initial concentrations (0.2 and 2 mM) of ascorbic acid and ascorbyl
palmitate were used. Samples were incubated at 40°C in the dark in screw-capped glass
vials with magnetic stirring. EDTA at 50 µM level was tested as a metal chelator in
emulsion system.
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Interactions of α-tocopherol and ML-OOH during the oxidation of methyl
linoleate (V)
The combined effects of α-tocopherol and ML-OOH on the oxidation of methyl linoleate
were studied in the model system of methyl linoleate, ML-OOH and α-tocopherol.
Hydroperoxide formation was first studied in methyl linoleate in which 0, 10, 40 and 70
mM of preformed ML-OOH were added. For testing the combined effects of α-tocopherol
(36 - 1164 ppm, corresponding to 0.08 - 2.7 mM) and initial ML-OOH (12 – 68 mM) on
the oxidation of methyl linoleate by response surface methodology, a central composite
statistical design was used to fit a model by the least square technique (Haaland, 1989). A
total of 11 samples were performed which included 4 factorial points, 3 centre points and
4 axial points. The response parameters were; (1) the time and rate of α-tocopherol
consumption, (2) the induction period and the rate of ML-OOH formation during the
induction period, (3) the proportion of cis,trans hydroperoxides and (4) the formation of
hydroxy and ketodiene compounds. The selection of the response parameters was partly
based on the approach of Yanishlieva and Marinova (1992) who considered both the
induction period and the rate of hydroperoxide formation during the induction period as
important parameters. Responses for factors (initial ML-OOH and α-tocopherol
concentrations) were fitted by multiple regression to a second-order polynomial model.
The relationships between the factors were evaluated by analysis of variance (ANOVA)
and the fitness of the model was evaluated by adjusted R2 statistics.
4.3. Analysis of ML-OOH isomers and ML-OOH decomposition products
Four isomers of ML-OOH, hydroxy and ketodiene compounds were separated by HPLC
(see HPLC chromatogram in II; Figure 1). Identification of the compounds was based on
their ultraviolet spectra (Chan and Levett, 1977a) and the elution order previously reported
in the literature (Schieberle et al., 1979). The relative standard deviation of six injections
of the ML-OOH was 0.6%. When oxidized methyl linoleate samples were injected four
times, the relative standard deviation for hydroperoxide and ketodiene peaks was ≤ 5%
whereas it was higher for hydroxy compounds (≤ 15%).
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5. RESULTS
This section summarizes the results presented in original papers I-V.
5.1. Effects of tocopherols on the formation and decomposition rate
of ML-OOH (I, II, III)
α- and γ-Tocopherols at 10-1000 ppm concentrations efficiently inhibited the formation of
ML-OOH during the autoxidation of methyl linoleate at 40°C (I; Figure 1). The
concentration of tocopherols had an effect on their relative abilities to inhibit the
ML-OOH formation. α-Tocopherol was more efficient than γ-tocopherol at 10 ppm
concentration, but this order of efficiency was reversed at 100 ppm. The increase of
α-tocopherol concentration from 500 ppm to 1000 ppm decreased its efficiency but it still
strongly inhibited the formation of ML-OOH.
α-, γ- and δ-Tocopherols efficiently inhibited the decomposition of cis,trans ML-OOH in
hexadecane (III; Figure 4). At 0.2 mM, the inhibitory effect of tocopherols against
hydroperoxide decomposition was in the order γ> δ= α. At 2 mM, there was no difference
in the activity of tocopherols until after 2500 hours of incubation. At this time, the
decomposition rate of the sample containing α-tocopherol increased rapidly whereas
samples containing γ- and δ-tocopherols still decomposed at a very slow rate. With all
tocopherols, the inhibition of hydroperoxide decomposition was greater when tocopherols
were present at 2 mM than at 20 mM levels. At 20 mM, there was no difference between
γ- and δ-tocopherols but α-tocopherol was less efficient as an inhibitor of ML-OOH
decomposition.
5.2. Effects of tocopherols on the isomeric distribution of ML-OOH (I, II, III)
During the autoxidation of methyl linoleate, both α- and γ-tocopherols increased the
relative abundance of the cis,trans ML-OOH in a concentration dependent way (I; Figures
2 and 3). This effect was much greater for α-tocopherol than for γ-tocopherol.
When cis,trans ML-OOH were incubated without antioxidants at 40°C in hexadecane, the
majority of cis,trans ML-OOH isomerized to trans,trans ML-OOH prior to decomposition
(II; Figure 4). α-, γ- and δ-Tocopherols each had different quantitative effects on the
cis,trans to trans,trans ratio of ML-OOH (II; Figure 5 and III; Figure 2). At 0.2 and
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2 mM levels α-tocopherol efficiently inhibited the isomerization of cis,trans ML-OOH to
trans,trans ML-OOH as long as it was available in the reaction mixture. In contrast to
α-tocopherol, γ- and δ-tocopherols were less efficient inhibitors of the isomerization and
more trans,trans hydroperoxides were formed. At very high concentrations of α-, γ- and
δ-tocopherols (20 mM), the isomerization was inhibited completely and ML-OOH
decomposed as cis,trans isomers without prior isomerization to trans,trans isomers.
5.3. Effects of tocopherols on the ML-OOH decomposition products (I, II)
During the autoxidation of methyl linoleate, the formation of two decomposition products,
hydroxy and ketodiene compounds, was shown to propagate after the induction period.
Both α- and γ-tocopherols inhibited their formation in a similar way to the inhibition of
hydroperoxide formation (I; Figure 1). More hydroxy than ketodiene compounds were
present in the control sample at the beginning of the oxidation but more ketodiene
compounds were formed during the oxidation (I; Table 1).
During the decomposition of cis,trans ML-OOH at 40°C, α-tocopherol increased the
formation of hydroxy compounds when compared to the control sample (II; Table 1). In
addition, α-tocopherol had an effect on the isomeric distribution of hydroxy and ketodiene
compounds. The majority of hydroxy and ketodiene compounds formed without added
antioxidants had a trans,trans configuration (II; Figure 4). In contrast, in the presence of
higher levels of α-tocopherol the majority of hydroxy and ketodiene compounds had a
cis,trans configuration (II; Figure 5).
5.4. Consumption of α- and δ-tocopherols during the decomposition
of ML-OOH (III)
The consumption of α- and δ-tocopherols during the decomposition of ML-OOH was
followed by HPLC. At 2 mM, there was no difference in the rate of consumption of α- and
δ-tocopherols but at 20 mM, δ-tocopherol was consumed at a lower rate when compared
to α-tocopherol (III; Figure 5).
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5.5. Effects of ascorbic acid and ascorbyl palmitate on the formation and
decomposition of ML-OOH (IV)
Ascorbic acid and ascorbyl palmitate at 1 and 10 mM levels had no effect on the formation
of ML-OOH during the autoxidation of methyl linoleate at 40°C (IV; Figure 1). The
effects of ascorbic acid and ascorbyl palmitate on the decomposition of cis,trans
ML-OOH were studied in two model systems: in hexadecane and in hexadecane-in-water
emulsion. In hexadecane, ascorbic acid at 0.2 and 2 mM levels slightly inhibited the
decomposition of cis,trans ML-OOH whereas ascorbyl palmitate at 2 mM accelerated the
decomposition (IV; Figure 2). The opposite order of the activity was obtained in
hexadecane-in-water emulsion since ascorbyl palmitate at 0.2 and 2 mM levels inhibited
the decomposition of cis,trans ML-OOH whereas ascorbic acid accelerated the
decomposition (IV; Figure 3).
The more detailed effects of ascorbic acid and ascorbyl palmitate on the isomeric
distribution of ML-OOH as well as the formation of hydroxy compounds were studied
during the decomposition experiments. In hexadecane, at 0.2 and 2 mM concentrations
ascorbic acid slightly inhibited the isomerization of cis,trans to trans,trans ML-OOH (IV;
Table 1). Similarly, 2 mM of ascorbyl palmitate either in hexadecane or in hexadecane-in-
water emulsion slightly inhibited the isomerization of cis,trans ML-OOH to trans,trans
ML-OOH (IV; Table 1). The amount of hydroxy compounds formed was increased by
ascorbyl palmitate both in hexadecane and in hexadecane-in-water emulsion (IV; Table 2).
The hydroxy compounds formed were cis,trans isomers; in both models after 45 hours
incubation more than 97% of hydroxy compounds were cis,trans isomers. In contrast to
ascorbyl palmitate, ascorbic acid had no effect on the formation of hydroxy compounds.
The effects of metals ions on the activity of ascorbic acid and ascorbyl palmitate was
studied by adding EDTA as a metal chelator in hexadecane-in-water emulsion. EDTA at
50 µM level inhibited the decomposition of ML-OOH when compared to the control
sample (IV; Figure 4). Also in samples containing 2 mM of ascorbic acid or ascorbyl
palmitate in combination with EDTA the decomposition rate was lower when compared to
samples not containing EDTA.
5.6. Interactions of α-tocopherol and ML-OOH during the oxidation of methyl
linoleate (V)
The effects of preformed hydroperoxides on the oxidation of methyl linoleate were studied
in a model where different levels of ML-OOH were added to methyl linoleate before
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autoxidation at 40°C. When compared to a control sample without added hydroperoxides,
the addition of ML-OOH increased the hydroperoxide formation only slightly (V; Figure
1).
α-Tocopherol was added to this model when combined effects of α-tocopherol and
ML-OOH on the oxidation of methyl linoleate were studied. In this experiment, a response
surface methodology statistical technique was used (V; Table 1). The induction period of
the methyl linoleate autoxidation was affected both by initial ML-OOH and α-tocopherol.
The induction period decreased as the concentration of initial ML-OOH increased and
increased with the addition of α-tocopherol up to a concentration ca 1000 ppm, after
which the efficiency of α-tocopherol slightly decreased (V; Figure 3). The rate of
ML-OOH formation during the induction period was increased by initial ML-OOH only in
the presence of α-tocopherol (V; Figure 3).
The time for α-tocopherol consumption was affected negatively by initial ML-OOH and
positively by initial α-tocopherol up to a certain concentration (1000 ppm) where an
inversion of activity was seen (V; Figure 2). The rate of α-tocopherol consumption was
not significantly affected by initial ML-OOH but increased linearly with initial
α-tocopherol (V; Figure 2).
In addition to the formation of ML-OOH and consumption of α-tocopherol, the effects of
initial ML-OOH and α-tocopherol on the isomeric distribution of ML-OOH as well as the
formation of hydroxy and ketodiene compounds were studied. The cis, trans to trans,trans
ratio of ML-OOH during the incubation period was affected positively by initial
α-tocopherol and by interactions among ML-OOH and negatively by initial ML-OOH and
by negative interactions between ML-OOH and α-tocopherol (V; Figure 4). α-Tocopherol
increased the formation of both hydroxy and ketodiene compounds during the induction
period (V; Figure 5). The ratio of keto to hydroxy compounds increased with increased
initial α-tocopherol and due to decomposing interactions among ML-OOH (V; Figure 5).
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6. DISCUSSION
6.1. Evaluation of the experimental parameters used
Model systems
Several model systems were used in the present study. The formation of hydroperoxides
was followed during the autoxidation of methyl linoleate. For decomposition studies, a
mixture of 9- and 13-cis,trans ML-OOH in hexadecane or in hexadecane-in-water
emulsion was used as a model system. Further, the combined effects of α-tocopherol and
ML-OOH during the autoxidation of methyl linoleate were studied. These models
provided the possibility to separately study the effects of tocopherols and ascorbic acid on
the formation and decomposition of hydroperoxides as well as the combined effects of
antioxidants and hydroperoxides on the autoxidation of methyl linoleate. Through more
detailed product analysis information of the ability of antioxidants to prevent particular
free radical formation steps and thus of the mechanisms of action of antioxidants was
obtained. In addition, these model systems enabled the relatively good control of the
various parameters which may have an effect on the oxidation reaction sequences. These
parameters include the fatty acid composition, anti- and pro-oxidative compounds, as well
as the chemical and physical characteristics of the system (Frankel and Meyer, 2000).
Methyl linoleate has been widely used as an oxidizable substrate in many previous studies
(e.g. Miyashita et al. 1984; Niki et al. 1986; Terao and Matsushita, 1986; Hopia et al.,
1996a). The parent fatty acid, linoleic acid, is an important fatty acids when considering
the oxidative stability of biological systems and foods (Spiteller, 1998). The oxidation of
linoleic acid has been studied extensively and the structures of its oxidation products are
well characterized (see the reviews of Gardner, 1989; Frankel, 1998). The methyl ester
form of linoleic acid was selected because of its closer similarity in structure to
triacylglycerols and phospholipids naturally present in foods and biological systems
(Hopia et al., 1996b; Huang et al., 1996). Methyl linoleate as an oxidizable substrate is
free from antioxidative and pro-oxidative compounds which may affect the rate and the
mechanism of lipid oxidation. This fact was emphasized in the study by Lampi et al.
(1997) which showed that trace amounts of tocopherols present in the system had a
marked effect on the oxidation of natural triacylglycerols purified from rapeseed oil.
The mixture of 9- and 13-cis,trans ML-OOH was selected for the decomposition studies
since it provided a possibility to study the effects of tocopherols and ascorbic acid on the
isomerization reactions of ML-OOH. The decomposition rate of cis,trans ML-OOH was
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comparable to the mixture of four ML-OOH isomers (Mäkinen, unpublished data). The
cis,trans isomers of ML-OOH were produced by autoxidation of methyl linoleate in the
presence of α-tocopherol. The other possible method to produce single ML-OOH isomers
would have been the enzymatic oxidation of linoleic acid (Hamberg and Samuelsson,
1967). However, this approach would have required an additional methylation step since
lipoxygenase enzymes prefer free fatty acids as substrates for oxidation.
Hexadecane as a non-polar, viscous solvent inert to oxidation was well suited as a medium
for decomposition studies. Since ascorbic acid was not soluble in hexadecane, both the
effects of ascorbic acid and its fat soluble derivative, ascorbyl palmitate, on the
decomposition of ML-OOH in hexadecane and in hexadecane-in-water emulsion were
studied. In multiphase systems, such as emulsion, antioxidant effectiveness is determined
by localization and orientation of antioxidants by partitioning between the aqueous phase
and the lipophilic phase and interacting with the emulsifier at the interface (Frankel and
Meyer, 2000). It is assumed that in hexadecane, ascorbic acid as a hydrophilic compound
was located in the air-hexadecane interface whereas ascorbyl palmitate was diluted in
hexadecane. In contrast, in hexadecane-in-water emulsion ascorbyl palmitate was oriented
in the hexadecane-water interface whereas ascorbic acid was diluted to the water phase
(Frankel et al., 1994; Frankel, 1998, p. 148). Moreover, it is assumed that in emulsion
system surface active ML-OOH were located at the droplet interface (Manusco et al.,
1999; Decker and McClements, 2001) which may enable their interaction with both lipid
soluble and water soluble compounds.
The results obtained with the model system used in the present study are fully relevant
only to in vitro experiments of methyl linoleate and its hydroperoxides. Obviously, as
discussed by Niki (1987), the results for the in vitro systems can not be extended directly
to the in vivo systems which are more complicated and are governed by parameters some
of which may be unknown. However, the basic mechanisms of action of tocopherols and
ascorbic acid shown in the present study help to provide insights into their role as
antioxidants in more complex systems.
Oxidation conditions
The formation and decomposition of ML-OOH was followed at 40°C without added
catalyst. It is assumed that the main initiator of the oxidation reactions were traces of
metal ions present in the system, since it is impossible to free laboratory solutions from
contaminating metal ions (Labuza, 1971; Halliwell and Gutteridge, 1999, p. 28). A higher
temperature was not used, since the mechanism of oxidation changes drastically as the
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temperature increases, and the side reactions become more important (Labuza, 1971;
Frankel, 1993). The use of initiators, such as azo-compounds, iron/ascorbate, lipoxygenase
or exposure to light to promote photosensitized oxidation by singlet oxygen, would
measure the relative reactivity of antioxidants toward these initiators but would provide no
quantitative information about which lipid oxidation products are inhibited by the
antioxidants (Frankel, 1998, p. 134).
HPLC analysis
The more detailed analysis of isomeric distribution of ML-OOH as well as the formation
of hydroxy and ketodiene compounds by HPLC provided information about the effects of
antioxidants on the intermediate radicals and the reaction sequences of ML-OOH
formation and decomposition. In addition, the consumption of α- and δ-tocopherols during
the decomposition of ML-OOH were followed by the same HPLC method. The advantage
of the HPLC method was that without complicated sample preparation steps, the analysis
of these compounds was possible during one chromatographic run. In future studies, a
more extensive analysis of ML-OOH decomposition products as well as the consumption
of ascorbic acid would give additional information of the effects of antioxidants on the
reaction sequences of hydroperoxide formation and decomposition.
Statistical design
The response surface methodology used when combined effects of α-tocopherol and
ML-OOH on the oxidation of methyl linoleate were studied was well suited for this
purpose. The statistical models based on the response surface methodology provided
information of the complicated interactions between these parameters. The significance of
the models (p<0.01) indicated that the model equations are adequate approximations of the
data. In addition, adjusted R2 statistics indicated that the proportion of variation in the
response are attributed to the model rather than to random error. The same methodology
can be applied to other oxidation and antioxidant experiments where complicated
interactions are studied.
6.2 Effects of tocopherols on the formation and decomposition rate of
ML-OOH
α- and γ-Tocopherols efficiently inhibited the formation of ML-OOH during the
autoxidation of methyl linoleate. Their relative effects were dependent both on the
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structure and concentration of tocopherols. At low level (10 ppm) α-tocopherol more
efficiently inhibited the formation of ML-OOH but this order of efficiency was reversed at
higher levels (100-1000 ppm) of tocopherols. This finding is in accordance with previous
studies of Fuster et al. (1998) and Lampi et al. (1999) for purified vegetable oils. At higher
levels α-tocopherol increased the formation of ML-OOH during the induction period but
had no pro-oxidant effect when the length of the induction period was considered. In this
thesis this property of α-tocopherol is called ‘a loss of efficiency’ and has been previously
described by Yanishlieva and Marinova (1992) and Huang et al. (1994; 1995). Despite of
the loss of efficiency with increasing concentrations, α-tocopherol still strongly inhibited
the formation of hydroperoxides when compared to the control sample.
At each level tested γ- and δ-tocopherols were more efficient inhibitors of ML-OOH
decomposition when compared to α-tocopherol. It is assumed that the lowest level of
tocopherols (0.2 mM) was not low enough to show a better efficiency for α-tocopherol
when compared to γ- and δ-tocopherols. As during the formation of ML-OOH,
α-tocopherol experienced a loss of efficiency as its concentration increased from 2 to 20
mM. The loss of efficiency was highest for α-tocopherol but was also evident for γ- and δ-
tocopherols. Previously Huang et al. (1994) and Lampi et al. (1999) did not see a decrease
in the efficiency of tocopherols with increased levels when they studied the effects of
tocopherols on the decomposition of hydroperoxides by following the formation of
volatile oxidation products produced by β-scission of alkoxyl radicals. These results
suggest that tocopherols are capable of directing the oxidation reaction sequences. Even
though tocopherols at high levels have a decomposing effect on lipid hydroperoxides, they
still can inhibit the further chain reactions where volatile oxidation products are formed.
Thus, during the oxidation experiments the formation of volatile oxidation products may
not be a valid indicator of the rate of hydroperoxide decomposition in the presence of high
levels of tocopherols.
The inhibition of the formation and decomposition of hydroperoxides is obviously of
importance both in biological systems and in foods. It is the basis of the function of
tocopherols as inhibitors of further free radical chain reactions of lipid oxidation. The
present results also suggest that tocopherols may have an effect on the balance between
hydroperoxides and their decomposition products. Based on what is currently known the
importance of this effect of tocopherols is difficult to evaluate. In biological systems, lipid
hydroperoxides have several roles, some of which are unwanted (see 2.5.). On the other
hand, the damaging effect of lipid oxidation on biological materials as well as the flavor
deterioration of foods is, to a significant extent, caused by hydroperoxide decomposition
products. As an example, Laureaux et al. (1997) suggested that by preventing the
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formation of secondary oxidation products, α-tocopherol could protect lipoproteins
against some of the toxic effects of lipid oxidation. In foods, the inhibition of
hydroperoxide decomposition may decrease the production of volatile oxidation products
which may have an effect on the overall flavor deterioration of foods.
As suggested by Kamal-Eldin (2000), the loss of efficiency of tocopherols seen in the
present study might be comparable to that recognized by Bowry and Stocker (1993) as
tocopherol-mediated peroxidation showing that α-tocopherol increased the initial rate of
LDL oxidation. Upston et al. (1999) assessed the peroxidizing effect of tocopherols in
LDL and suggested that it may be relevant during the oxidation of LDL in vivo. In
contrast, according to Abuja and Esterbauer (1995) the length of the induction period of
LDL oxidation is not significantly reduced and without tocopherols propagation would
start immediately, leading to a much faster destruction of LDL. The presence of
synergistic antioxidative compounds, such as ascorbic acid, most likely suppress the
possible negative effects of tocopherols (Bowry and Ingold, 1999).
6.3. Effects of tocopherols on the isomeric distribution of ML-OOH
In addition to the formation and decomposition rate of hydroperoxides, tocopherols also
had an effect on the isomeric distribution of hydroperoxides. α-Tocopherol increased the
proportion of cis,trans ML-OOH during the autoxidation of methyl linoleate. In
accordance, γ-tocopherol increased the proportion of cis,trans ML-OOH but to a smaller
extent when compared to α-tocopherol. In the experiments where the decomposition of
cis,trans ML-OOH was followed, α-tocopherol was a more efficient inhibitor of the
isomerization of cis,trans ML-OOH to trans,trans ML-OOH when compared to γ- and δ-
tocopherols. Thus, α-tocopherol stabilized hydroperoxides into the cis,trans configuration,
whereas γ- and δ-tocopherols allowed hydroperoxides to convert into the trans,trans
configuration.
In this work the effects of tocopherols on the isomerization of cis,trans ML-OOH were
studied but similar effects might be assumed for other lipid hydroperoxides. The
biologically active hydroperoxides, such as those formed in lipoxygenase catalyzed
reactions, have the cis,trans configuration (Smith et al., 1991; Gardner, 1996). As an
example, cis,trans hydroperoxides of arachidonic acid are precursors of biologically active
eicosanoids whereas isoprostanes are compounds formed through free radical oxidation of
polyunsaturated fatty acids (Smith et al., 1991; Pratico, 1999; Lawson et al., 1999). Also
α-tocopherol in biological systems has a similar effect in directing the formation of
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hydroperoxides to cis,trans isomers (Porter, 1986; Banni et al., 1996). As shown in this
study, α-tocopherol increased the proportion of cis,trans hydroperoxides whereas γ- and
δ-tocopherols allowed hydroperoxides to partially convert into the trans,trans
configuration. This unique property of α-tocopherol might be one of the factors explaining
its importance as an antioxidant in biological systems.
6.4. Mechanisms of action of tocopherols on ML-OOH
The present results suggest that all tocopherols acted as chain-breaking antioxidants
during the formation and decomposition of ML-OOH. The data on the isomeric
distribution of ML-OOH and its decomposition products provided information of the
hydrogen donating power of α- γ- and δ-tocopherols primarily to peroxyl but also to
alkoxyl radicals. In addition, detailed information of the site of action of tocopherols
during the decomposition reactions of ML-OOH was obtained (see 6.4.1.). However, other
reactions of tocopherols affecting their activity on lipid hydroperoxides seemed also to be
of importance. These reaction are discussed in more detail in 6.4.2.
6.4.1. Hydrogen atom donation
Formation of ML-OOH
Part of the mechanism for the formation of ML-OOH during the autoxidation of methyl
linoleate is shown in Figure 13. In addition, the effects of tocopherols on the formation of
ML-OOH is presented. The mechanism is based on the studies of Porter et al. (1981) and
Peers et al. (1981). In the first step, hydrogen atom abstraction from a bis-allylic C-11 of
methyl linoleate leads to a pentadienyl radical. Oxygen addition to the pentadienyl radical
forms a cis,trans peroxyl radical. Without added antioxidants, cis,trans peroxyl radicals
have a tendency to isomerize to trans,trans peroxyl radicals before the formation of a
hydroperoxide. The isomerization is due to the fact that trans,trans hydroperoxides are
thermodynamically favored over cis,trans hydroperoxides. The ability of α-tocopherol to
inhibit isomerization is related to its ability to act as a hydrogen atom donor to the
cis,trans peroxyl radicals before they isomerize to the trans,trans peroxyl radicals. γ-
Tocopherol had a smaller effect on the isomeric distribution of ML-OOH because of its
lower hydrogen donating power to peroxyl radicals when compared to α-tocopherol.
These results are in accordance with the known values for the bond dissociation energies
of tocopherols (Burton and Ingold, 1981; Wright et al., 2001). At low tocopherol
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concentrations the efficiency of α- and γ-tocopherols to inhibit ML-OOH formation (α >
γ) was directly related to their hydrogen donating power. At higher tocopherol levels the
side reactions become more important and the activity of α- and γ-tocopherols was
reversed (see 6.4.2.).
Figure 13. Effects of tocopherols on the formation of ML-OOH (Modified from Porter et
al., 1981 and Peers et al., 1981).
Decomposition of ML-OOH
During the decomposition of ML-OOH, cis,trans ML-OOH isomerized to trans,trans
ML-OOH before decomposition if no antioxidants were added. Based on this observation,
the mechanism shown in Figure 14 for the decomposition of cis,trans ML-OOH was
drawn (II; Scheme 1).
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Figure 14. Effects of α-tocopherol on the decomposition of ML-OOH.
As during the formation of ML-OOH (Figure 13), cis,trans ML-OOH isomerized to
trans,trans ML-OOH through peroxyl radicals. Thus, the importance of peroxyl radicals
as intermediates during the decomposition of ML-OOH was demonstrated. Trans,trans
ML-OOH decomposed further to trans,trans decomposition products, of which trans,trans
hydroxy and ketodiene compounds were analyzed. α-Tocopherol inhibited the
isomerization in a concentration dependent way and at a high level of α-tocopherol no
increase in the amount of trans,trans ML-OOH was seen during decomposition. This
result indicates that α-tocopherol acted as a hydrogen atom donor to the cis,trans peroxyl
radicals before they isomerized to the trans,trans peroxyl radicals.
In addition to the isomeric distribution of ML-OOH, α-tocopherol had an effect on the
isomeric configuration of decomposition products. The majority of hydroxy and ketodiene
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compounds formed with high levels of α-tocopherol had the cis,trans configuration
whereas in the control sample the majority of hydroxy and ketodiene compounds had the
trans,trans configuration. The high levels of cis,trans decomposition products in the
presence of α-tocopherol indicate that they were formed from cis,trans ML-OOH through
alkoxyl radicals (Figure 14) as no isomerization which would occur through peroxyl
radicals was seen. α-Tocopherol also increased the formation of hydroxy compounds in a
concentration dependent way. The mechanism suggested for hydroxy compound
formation involves the abstraction of hydrogen atoms by alkoxyl radicals. This reaction
pathway may be favored in the presence of strong hydrogen atom donors such as α-
tocopherol (see Reaction 29) (Hopia et al., 1996a). Thus the increase in the hydroxy
compound formation gives further evidence of the presence of alkoxyl radicals during the
decomposition of ML-OOH and of the ability of α-tocopherol to donate hydrogen atoms
also to these radicals.
γ- and δ-Tocopherols were less efficient inhibitors of the isomerization of cis,trans
ML-OOH to trans,trans ML-OOH during decomposition when compared to α-tocopherol.
It is assumed that the differences between tocopherols are due to the differences in their
ability to act as hydrogen atom donors to peroxyl radicals. When compared to α-
tocopherol, γ- and δ-tocopherols are slower hydrogen atom donors that allow cis,trans
peroxyl radicals to isomerize to trans,trans peroxyl radicals before being captured (Figure
15) (III; Figure 3).
The quantitative difference between tocopherols is obviously due to the differences in the
bond dissociation energies of the phenolic hydrogens and, consequently, the hydrogen-
donating abilities of these tocopherols (Burton and Ingold, 1981; Wright et al., 2001).
However, in addition to the bond dissociation energies of the phenolic hydrogens, also
their concentrations determine the hydrogen donating capacity of tocopherols. This
explains why all tocopherols were efficient scavengers of cis,trans peroxyl radicals at high
concentrations. As during the formation of ML-OOH, the ability of tocopherols to act as
hydrogen atom donors to peroxyl radicals was not directly related to their stabilizing effect
on ML-OOH but also other reactions seemed to be of importance (see 6.4.2.).
6.4.2. Side reactions
The concentration dependence of the relative effects of tocopherols on ML-OOH
formation and decomposition as well as the loss of efficiency with increased
concentrations may be due to differences in their participation in the side reactions of the
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Figure 15. Effects of α-, γ- and δ-tocopherols on the decomposition of ML-OOH.
oxidizing nature. These side reactions may involve the tocopherol molecules and/or their
radicals, e.g. reactions between tocopherols and hydroperoxides and/or between
tocopheroxyl radicals and hydroperoxides (see Reactions 33 and 34). The free radicals
formed in these reactions may act as catalysts to re-initiate new oxidation reaction
sequences. Tocopherols may also reduce traces of metals present in the system to lower
oxidation states (see Reaction 35) which are more active in the homolytic decomposition
of hydroperoxides compared to metals in higher oxidation states. The present results
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suggest that all tocopherols participated in these side reactions. However, due to its higher
reactivity, α-tocopherol more actively participated in these reactions when compared to γ-
and δ-tocopherols.
An other reasonable explanation for the differences in the relative effects of tocopherols is
the antioxidant activity of their oxidation products. In the present study, the results on the
consumption of α- and δ-tocopherols in relation to their effects on ML-OOH
decomposition rate suggest that some of the δ-tocopherol oxidation products might have
antioxidant activity. Previously, Gottstein and Grosch (1990) suggested that dimers which
appear as major oxidation products of γ-tocopherol are still effective as antioxidants. In
contrast, Jung and Min (1992) showed that oxidized tocopherols act as pro-oxidants
during the oxidation of purified soybean oil. The analysis of the tocopherol oxidation
products would give further information of the contribution of the side reactions to the
overall antioxidant activity of tocopherols as well as of the antioxidant properties of
tocopherol oxidation products.
6.5. Effects of ascorbic acid on the formation and decomposition of
ML-OOH
Ascorbic acid and ascorbyl palmitate had only minor effects on the formation and
decomposition of ML-OOH when compared to tocopherols. No effect on ML-OOH
formation was seen and depending on the reaction conditions ascorbic acid and ascorbyl
palmitate either slightly inhibited or accelerated the decomposition of ML-OOH. The
results obtained are in accordance with the so called ‘polar paradox’ established by Porter
(1993). Other things being equal, nonpolar ascorbyl palmitate function relatively best in
polar lipid emulsions while polar ascorbic acid is relatively more effective in bulk lipids.
A similar order of the antioxidant activity for ascorbic acid and ascorbyl palmitate was
obtained by Frankel et al. (1994) in corn oil stripped of natural tocopherols in bulk oil and
in emulsion. Thus, the increase in effective concentration of ascorbic acid and ascorbyl
palmitate in the oil and water phases slightly improve their ability to inhibit the
decomposition of ML-OOH.
The mechanism of action of ascorbic acid and ascorbyl palmitate were studied in more
detail through product analysis during the decomposition experiments of cis,trans
ML-OOH in hexadecane and in hexadecane-in-water emulsion with emphasis on; (1)
hydrogen donation to peroxyl radicals, (2) the reductive activity of ascorbic acid and (3)
interactions of ascorbic acid with metal ions. Similar to tocopherols, ascorbic acid and
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ascorbyl palmitate slightly inhibited the isomerization of cis,trans ML-OOH to trans,trans
ML-OOH. This result suggests that, to some extent, ascorbic acid and ascorbyl palmitate
acted as hydrogen atom donors to peroxyl radicals. The increase in the formation of
cis,trans hydroxy compounds in the presence of ascorbyl palmitate suggests that ascorbyl
palmitate partly reduced cis,trans ML-OOH to cis,trans hydroxy compounds without
radical intermediated isomerization. Previously Schieberle and Grosch (1981b) showed
that ascorbyl palmitate inhibited the decomposition of 13-cis,trans ML-OOH in a system
containing copper(II)ions by reducing approximately 10% of hydroperoxides to their
corresponding hydroxy compounds.
EDTA as a metal chelator slightly inhibited the decomposition of ML-OOH in
hexadecane-in-water emulsion. This result suggests that in the model system a small
amount of metal ions catalyzed the decomposition of ML-OOH. The slight increase in the
decomposition rate of ML-OOH in the presence of ascorbyl palmitate in hexadecane and
in the presence of ascorbic acid in hexadecane-in-water emulsion may be due to the
interactions with these metal ions. Ascorbic acid and ascorbyl palmitate reduce transition
metals to lower oxidation states which are more active in the homolytic decomposition of
hydroperoxides compared to metals in higher oxidation states (Kanner et al., 1977;
Mahoney and Graf, 1986; Fukuzawa et al., 1993). The reduced form of metals catalyze the
decomposition of hydroperoxide to reactive alkoxyl radicals which may initiate new chain
reactions (see Reaction 13).
These results on the more detailed analysis of the mechanism of action of ascorbic acid
and ascorbyl palmitate suggest that they are multifunctional compounds. Typical for
multifunctional compounds is that their activity and mechanism dominating in a particular
test system depend on the oxidation conditions (Frankel and Meyer, 2000). Thus part of
the ability of ascorbic acid and ascorbyl palmitate to inhibit the formation and
decomposition of hydroperoxides may be offset by their negative effects especially in the
presence of metal ions. Halliwell and Whiteman (1997) and Carr and Frei (1999)
evaluated the importance of the pro-oxidant activity of ascorbic acid in vivo and suggested
that it may be relevant in the presence of excess catalytic transition metal ions. However,
it is assumed that the main effect of ascorbic acid and ascorbyl palmitate on the stability
and reactions of lipid hydroperoxides in biological systems and in foods may be related to
their synergistic interactions with other antioxidative compounds such as tocopherols.
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6.6. Interactions of α-tocopherol and ML-OOH during the oxidation of methyl
linoleate
In previous sections the formation and decomposition of ML-OOH and the effects of
antioxidants on these reactions have been discussed as separate subjects. Actually lipid
oxidation is a multi-factorial process where hydroperoxides are formed and decomposed
simultaneously. The interactions between antioxidants, hydroperoxides and non-oxidized
lipids determine the rate of lipid oxidation. In the present study a model system of methyl
linoleate, ML-OOH and α-tocopherol was developed to study the interactive effects of
α-tocopherol and preformed ML-OOH during the oxidation of methyl linoleate.
Addition of preformed ML-OOH to methyl linoleate increased the hydroperoxide
formation only slightly when compared to control. This result is contradictory to previous
results showing that initial levels of hydroperoxides have negative effects on the oxidative
stability of polyunsaturated fatty acids (Cillard et al., 1980; Hicks and Gebicki, 1981;
Terao and Matsushita, 1986; Girotti, 1998). This minor effect may partly be due to the
simultaneous decomposition of added ML-OOH during the incubation. Indeed, it was
shown that without added α-tocopherol the rate of hydroperoxide formation during the
induction period was decreased, suggesting the decomposition of ML-OOH (V; Figure 3).
When α-tocopherol was added to methyl linoleate containing preformed ML-OOH, its
efficiency to inhibit hydroperoxide formation decreased as the concentration of ML-OOH
increased. The negative effects were seen both in the length of the induction period of
ML-OOH formation as well as in the consumption time of α-tocopherol. The effects were
most likely due to the increased amount of peroxyl and alkoxyl radicals formed from
decomposing ML-OOH. The radicals may react further with intact methyl linoleate or
with α-tocopherol and thus increase the overall formation of ML-OOH.
Based on this study it can be concluded that complicated interactions between tocopherols
and hydroperoxides determine the effects of tocopherols on the formation and
decomposition of hydroperoxides. These interactions include the interactions between
tocopherols, ML-OOH as well as interactions between tocopherols and ML-OOH (see V,
Table 2). The results also suggest that an optimal concentration of α-tocopherol is needed
for stabilization of polyunsaturated fatty acids due to the negative effects of initial and
forming hydroperoxides. In addition, the time of the addition of tocopherols in certain
systems, such as foods, may be critical. If the peroxide level is too high, the efficiency of
tocopherols to inhibit the formation and decomposition of hydroperoxides may be
markedly lower.
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7. CONCLUSIONS
The model systems used in the present study were well suited to study the effects of
tocopherols and ascorbic acid on the formation and decomposition of methyl linoleate
hydroperoxides. Obviously the results for the in vitro systems can not be extended directly
to the in vivo systems which are more complicated and are governed by parameters part of
which may be unknown. However, the basic mechanisms of action of tocopherols and
ascorbic acid on lipid hydroperoxides shown in the present study help to provide insight
into their role as antioxidants in more complex systems.
Tocopherols efficiently inhibited both the formation and decomposition of lipid
hydroperoxides. The decomposition experiments of ML-OOH gave further evidence of the
mechanisms of action of tocopherols. α-Tocopherol inhibited the decomposition of
ML-OOH by acting as a fast hydrogen atom donor to both peroxyl and alkoxyl radicals.
γ- and δ-Tocopherols were slower hydrogen atom donors to peroxyl radicals when
compared to α-tocopherol but they still efficiently inhibited the ML-OOH decomposition.
These mechanisms of action are obviously of importance both in biological systems and in
foods and are the basis of function of tocopherols as inhibitors of further free radical chain
reactions of lipid oxidation.
α-Tocopherol directed the isomeric distribution of ML-OOH to the cis,trans configuration
during the formation and decomposition of ML-OOH by acting as a fast hydrogen atom
donor to peroxyl radicals. In the presence of γ- and δ-tocopherols more trans,trans
hydroperoxides were formed. The biologically active hydroperoxides, such as those
formed in enzymatically catalyzed reactions, have the cis,trans configuration. Thus, it is
assumed that this ability of α-tocopherol to stabilize hydroperoxides to cis,trans
configuration might be one of the factors explaining its importance as an antioxidant in
biological systems.
During the formation of ML-OOH, α-tocopherol showed some loss of efficiency with
increasing concentrations but it still strongly inhibited the formation of hydroperoxides
when compared to the control sample. Similarly, all tocopherols at higher concentrations
experienced a loss of efficiency during the decomposition of ML-OOH. The loss of
efficiency was highest for α-tocopherol but was also evident for γ- and δ-tocopherols.
Thus, the differences in the relative effects of tocopherols at differing concentrations
seems to result from a balance between their radical scavenging efficiency and
participation in side reactions of an oxidizing nature.
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All effects of ascorbic acid and ascorbyl palmitate on lipid hydroperoxides were relatively
small. More detailed analysis of the mechanism of action showed that they were
multifunctional compounds which act as hydrogen atom donors to peroxyl radicals,
reducers of hydroperoxides to more stable hydroxy compounds as well as pro-oxidative
compounds due to the interactions with metal ions. Part of the ability of ascorbic acid and
ascorbyl palmitate to inhibit the formation and decomposition of hydroperoxides may be
offset by their negative effects especially in the presence of metal ions. In addition, it is
assumed that their effects on the stability and reactions of lipid hydroperoxides in
biological systems and in foods is mainly related to their synergistic interactions with
other antioxidative compounds such as tocopherols.
When α-tocopherol was added to methyl linoleate with appreciable levels of preformed
hydroperoxides, its efficiency to inhibit hydroperoxide formation decreased. This result
suggests that an optimal concentration of α-tocopherol is needed for stabilization of
polyunsaturated fatty acids due to negative effects from initial and forming
hydroperoxides as well as from the loss of efficiency of α-tocopherol at high
concentrations. In addition, the time of the addition of tocopherols in certain systems, such
as foods, may be critical. If the peroxide level is too high, the efficiency of tocopherols to
inhibit the formation and decomposition of hydroperoxides may be markedly lower.
In conclusion, the results presented in this thesis contribute to the understanding of the
action of tocopherols and ascorbic acid during the oxidation reaction sequences of
polyunsaturated fatty acids. In further studies the results of this study should be tested in
more complex systems which are more relevant to biological systems and foods. The
developments in methodological, analytical, and statistical techniques will make this goal
possible.
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